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FOREWORD 

This  report  was  prepared  by  Maurice  W.  Windsor,  Professor  of  Chemistry 
and  Chemical  Physics,  Washington  State  University.  It  describes  research 
carried  out  under  his  direction  from  June  1976  to  June  1981  in  The  Picosecond 
Laser  Laboratory  and  supported  by  the  U.S.  Army  Research  Office  under  Grant 
Number  DAAG29-76-G-0275. 


THE  VIEWS,  OPINIONS,  AND/OR  FINDINGS  CONTAINED  IN  THIS  REPORT  ARE  THOSE  OF  THE 
AUTHOR (S)  AND  SHOULD  NOT  BE  CONSTRUED  AS  AN  OFFICIAL  DEPARTMENT  OF  THE  ARMY 
POSITION,  POLICY,  OR  DECISION,  UNLESS  SO  DESIGNATED  BY  OTHER  DOCUMENTATION. 
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I.  STATEMENT  OF  THE  PROBLEM 


Laser  devices  of  various  types  are  finding  increasing  military 
application.  Consequently  there  has  arisen  a  need  to  provide  protection  to 
both  personnel  and  to  electronic  sensors  against  possible  damage  from  expo¬ 
sure,  either  deliberate  or  accidental,  to  laser  radiation.  In  the  case  of 
personnel,  the  greatest  concern  attaches  to  eye  protection.  Anti-laser 
devices  that  function  in  the  region  of  the  visible  spectrum  arc  therefore  of 
greatest  interest.  In  tne  case  of  electronic  sensors,  protection  must,  in 
addition,  be  provided  in  the  ultraviolet  and  more  especially  in  the  infra-red. 

Permanent  filters  that  absorb  radiation  in  predetermined  regions  of  the 
spectrum  can  provide  a  certain  measure  of  protection,  particularly  against 
lasers  of  known  and  non-variable  wavelength.  However,  the  proliferation  of 
laser  frequencies  in  recent  years  and  the  advent  of  tunable  lasers  combine  to 
create  a  threat  that  static  filters  alone  cannot  combat.  To  illustrate  this, 
consider  the  problem  of  providing  eye  protection  over  the  entire  visible 
region.  A  combination  of  several  broadband  static  filters  could  be  used  to 
prevent  damage,  but  at  the  cost  of  greatly  impairing  the  individual's  vision. 

A  similar  situation  applies  in  the  case  of  electronic  sensors.  Clearly  a  more 
sophisticated  solution  than  the  static  filter  must  be  developed. 

Dynamic  filters  that  become  highly  absorbing  only  on  exposure  to  the 
threatening  laser  radiation  would  provide  an  ideal  solution,  especially  if  the 
dynamic  absorption  were  also  rapidly  reversible.  As  a  result  of  several  basic 
and  applied  research  efforts  over  the  past  fifteeen  years,  many  classes  of 
dynamic  filter  materials  are  now  known.  When  their  dynamic  response  occurs  in 
the  visible  region,  such  materials  are  called  "photochromic".  Research  on  the 
development  of  reversible  photochromic  materials  and  their  application  to 
providing  eye  protection  against  the  flash  from  nuclear  weapons  has  been  car¬ 
ried  out  by  several  investigators,  including  the  present  writer. ^  The 
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investigation  of  dynamic  filter  materials  for  laser  protection  has  grown  out 
of  these  early  efforts  to  provide  flash-blindness  protection.  Two  small  ($15K 
and  $36K,  respectively)  research  efforts  under  my  direction,  initially  at  TRW 
Systems^  and  more  recently  at  Washington  State  University^  showed  that 
the  approach  seems  to  be  theoretically  feasible.  While  preliminary  experi¬ 
ments  have  shown  promise,  dynamic  effects  adequate  to  provide  significant 
protection  have  yet  to  be  demonstrated. 

It  is  harder  to  provide  protection  against  laser  than  against  nuclear 
weapons.  In  the  case  of  nuclear  devices,  although  i  ye-protection  is  needed 
throughout  the  entire  visual  region,  ancillary  wavelengths  present  in  the 
nuclear  flash  (e.g.,  the  ultra-violet)  can  be  used  to  operate  or  trigger  the 
protective  device.  In  addition,  because  of  the  relatively  slow  rise  time  of 
the  visible  and  thermal  pulse,  (milliseconds  even  for  low-yield  devices  and 
mucn  longer  for  larger  weapons),  resort  must  often  be  had  to  supplementary 
pumping  of  the  photochromic  device  by  means  of  an  auxiliary  flash  lampJ4^ 

In  the  case  of  lasers,  pulses  of  very  short  duration  (10  to  10~  sec) 

ft  ip 

and  very  high  power  (10  to  10  watts)  present  the  most  severe  threat. 

Such  short,  high-power  pulses  are  often  produced  deliberately  for  specific 
applications,  using  techniques  known  as  Q-switching  and  mode-locking. 

However,  it  is  now  recognized  that  many  CW  lasers  and  lasers  designed  for 
lower  power,  longer-pulse  operation,  may  nevertheless  become  adventitiously 
mode-locked.  Thus,  protection  against  short-duration,  high-power  laser  pulses 
must  constantly  be  borne  in  mind. 

In  evaluating  a  prospective  dynamic  filter  material,  the  properties  that 
it  is  important  to  have  knowledge  of  are: 

1)  the  strength  and  spectral  extent  of  excited  state  absorption. 

2)  the  amount  and  spectral  extent  of  ground-state  bleaching. 


3)  the  relaxation  time  of  the  excited  state  or  states. 

4)  the  pathway  by  which  relaxation  occurs  if  intermediate  states  are 
involved. 

5)  whether  or  not  linht  is  emitted  when  relaxation  occurs. 

6)  quantum  yield  data  where  competing  processes  are  involved,  (or 
sufficient  kinetic  data  that  yields  may  be  calculated). 

In  addition,  it  would  be  valuable  to  have  enough  such  data  and  for  enough 
representative  compounds  that  correlations  might  be  sought  between  excited 
state  properties  and  molecular  structure.  If  such  generalizations  could  be 
found,  they  might  then  be  used  predictively  for  designing  compounds  that 
hopefully  would  turn  out  to  have  enhanced  properties  and  improved  behavior. 

In  addition  to  the  search  for  suitable  dynamic  filter  materials,  there  is 
also  concern  over  the  possible  behavior  of  "permanent"  filter  materials  when 
exposed  to  high-power  laser  radiation. ^  Possibly  such  filters  may  bleach 
when  exposed  to  the  very  high  optical  intensities  present  transiently  during 
exposure  to  a  Q-switched  or  mode-locked  laser  pulse,  thus  losing  their  effec¬ 
tiveness.  Such  bleaching  can  occur  when  excitation  by  the  laser  pulse  leads 
to  the  production  of  an  excited  state  or  states  of  the  molecule  that  absorb 
less  strongly  than  the  ground  state.  Thus  knowledge  of  the  spectral  extent 
and  strength  of  absorption  of  excited  states  of  molecular  filter  materials  is 
of  importance.  It  is  also  important  to  know  the  relaxation  time  of  these 
excited  states,  i.e.,  how  rapidly  they  revert  to  the  ground  state  and  whether 
or  not  light  is  emitted  when  this  occurs.  The  more  rapid  the  return  to  the 
ground  state,  the  more  "robust"  the  material  will  be  toward  bleaching,  espec¬ 
ially  if  the  return  is  rapid  in  relation  to  the  duration  of  the  laser  pulse. 
Conversely,  slow  return  will  mean  that  later  portions  of  the  laser  pulse  will 
encounter  a  lower  absorbance  than  that  met  by  earlier  portions  and  some 
transmission  may,  therefore,  occur. 
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To  assess  the  effects  of  incident  laser  pulses  on  permanent  filter 
materials  and  perhaps  design  improved  materials,  it  is  clear  that  the  same 
kinds  of  information  are  needed  as  those  already  itemized  for  dynamic  filter 


materials. 

At  present  we  do  not  have  enough  information  on  the  properties  of  excited 
states  of  molecules  from  which  to  develop  a  theoretical  understanding  of  their 
behavior  when  exposed  to  high-power,  short -duration  laser  pulses.  The  data 
base  of  spectroscopic  and  kinetic  measurements  must  be  extended,  especially 
for  model  compounds  whose  other  properties  are  well  understood.  Correlations 
need  to  be  sought  between  such  data  and  the  composition  and  structure  of  the 
molecules  studied,  in  the  hope  that  generalizations  can  be  found  that  will  be 
helpful  in  selecting  or  designing  molecules  for  various  dynamic  filter 
appl i cat  ions. 

The  goal  of  ‘'he  present  research  effort  has  been  to  further  develop  and 
refine  the  ultra-fast  flash  photolysis  and  spectroscopy  technique  developed  in 
the  author's  laboratory^  and  apply  it  to  obtaining  nanosecond  and  pico¬ 
second  spectroscopic  and  kinetic  data  on  a  variety  of  dynamic  absorbing 
materials.  Specific  objectives  envisaged  in  the  original  proposal  were: 

1.  Improved  efficiency  of  gathering  and  manipulating  spectral  and 
kinetic  data,  using  a  2-dimensional  optical  multichannel  analyzer 
(OMA)  technique. 

2.  Improved  sensitivity  of  measuring  optical  density  changes  and 
extension  of  the  spectral  range  of  monitoring. 

3.  Provision  of  excitation  wavelengths  additional  to  1060  nm  and 
530  nm. 

4.  Employment  of  the  improved  instrumentation  for  spectroscopic  and 
kinetic  studies  of  the  excited  state  behavior  of  various  compounds 
thought  to  be  promising  for  dynamic  filter  application. 
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5.  An  attempt  to  seek  relationships  between  excited  state  properties 
and  the  chemical  composition  and  structure  of  the  molecules  studied 

2.  SUMMARY  OF  THE  MOST  IMPORTANT  RESULTS 

A  detailed  account  of  the  research  findings  is  given  in  the  various 
publications  listed  in  the  following  section  (Section  3).  We  present  a  brief 
summary  here  keyed  to  these  publications.  To  avoid  confusion  with  the  bibli¬ 
ography  at  the  end  of  the  report  we  identify  these  publications  alphabetically 

2. 1  Automated  Picosecond  Spectrometer  with  2-d  OMA  Detection. 

A  low-cost  system  for  converting  a  single-pulse  picosecond  laser 
spectrometer  tn  an  automated  instrument  has  been  successfully  developed  and 
tested  (C  and  J).  This  system  makes  possible  the  acquisition,  in  less  than  an 
hour  using  only  one  or  two  dozen  laser  shots,  broad-band  absorption  difference 
spectra  of  short-lived  intermediates  over  a  range  of  up  to  300  nm  with  excel¬ 
lent  resolution  in  both  absorbance  (_+  0.025  optical  density  units)  and  wave¬ 
length  (0.7  nm).  Lower  resolution  spectra,  suitable  for  exploratory  study  of 
new  compounds  that  are  potentially  dynamic  absorbers,  are  obtained  in  a  matter 
of  minutes  with  only  a  few  laser  shots.  The  automated  spectrometer  employs  a 
standard  vidicon-optical  multichannel  analyzer  (OMA)  detector,  operated  in  the 
2-dimensional  mode,  for  data  acquisition,  and  this  is  then  interfaced  to  a 
reliable  home-assembled  microcomputer.  The  latter  can  also  be  used  for 
acquisition  and  analysis  of  data  from  other  laboratory  instruments. 

2.2  Excitation  Wavelength  Flexibility 

Additional  flexibility  in  excitation  wavelength  in  the  region  530  nm 
to  650  nm  has  been  obtained  by  stimulated  Raman  scattering  of  the  Nd  laser 
second  harmonic  pulse  at  530  nm  in  suitable  solvents  (see  D,  Table  5.1).  For 
example,  we  now  routinely  employ  a  7  ps,  600  nm  excitation  pulse  produced  in  a 
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5  cm  cell  of  perdeuterocyclohexane.  Conversion  efficiency  is  in  the  range 
10-20%  compared  to  the  530  nm  pump  pulse. 

Efforts  to  obtain  shorter  wavelength  picosecond  excitation  pulses  using  a 
ruby  laser  system  met  with  poor  success  (see  Progress  Report  for  7/1/78 
through  12/31/78).  Mode-locked  operation  of  the  oscillator  in  the  TEMqq 
mode  was  unreliable.  Less  than  one  shot  in  five  gave  a  pulse  train  clean 
enough  for  single  pulse  selection.  Multimode  operation  gave  more  reproducible 
pulse  trains,  but  at  the  expense  of  a  more  divergent  beam  that  could  not  be 
amplified  significantly.  The  ruby  laser  was  therefore  converted  to  normal 
Q-switched  operation  and  has  subsequently  been  used  profitably  for  measure¬ 
ments  in  the  nanosecond  time  range.  Attempts  to  generate  the  third  and  fourth 
harmonics  (353  nm  and  265  nm)  of  our  Nd/glass  laser  following  two  stages  of 
amplification  were  only  partially  successful.  Although  detectable  amounts  of 
energy  could  be  generated  at  these  wavelengths,  conversion  efficiencies  were 
too  low  for  application  as  excitation  pulses  for  picosecond  spectroscopy.  It 
was  not  therefore  possible  to  study  some  of  the  simple  aromatic  hydrocarbon 
systems,  such  as  anthracene  and  coronene,  that  are  potentially  valuable  for 
structural  correlations.  A  Nd/YAG  laser  system  operated  in  the  TEMqq  mode, 
or  a  synchronously  pumped,  mode-locked  dye  laser  system  with  harmonic  doubling 
appear  now  to  be  better  approaches  to  extending  picosecond  spectroscopic 
studies  to  shorter  excitation  wavelengths. 

2.3  Inorganic  Complexes,  Especially  Cr(III),  as  Dynamic  Absorbers. 

Promising  results  relevant  to  the  problem  of  finding  dynamic 
absorbers  to  provide  protection  in  the  mid-visual  range  around  530  nm  were 
obtained  with  a  series  of  complexes  of  chromium( 1 1 1 )  (see  A,  B  and  p.  260  of 
0).  The  species  studied  were  trans-Cr (en),( NCS)o*;  trans-Cr( NH^)^( NCS ) ^ ~ ; 
and  Cr(NCS)^",  all  in  fluid  solution  at  room  temperature.  In  their 
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ground  states  these  ions  absorb  quite  weakly  (e  <  100  M-1  cm-1)  at  530  nm, 
but,  in  the  doublet  excited  state,  charge  transfer  transitions  give  rise  to 
intense  (e  ~  10,000  cnT^ )  and  very  broad  (~  8000  cm-^ )  absorption 
centered  near  540  nm.  Our  studies  show  that  the  doublet  excited  state  is 
formed  in  10-25  ps  (this  measurement  is  not  instrument  limited),  dependent 
upon  the  species  and  the  solvent  (A),  and  persists  for  times  in  excess  of  5  ns 
(B),  the  upper  time  limit  of  our  system.  Ohno  and  Kato  have  reported  nano¬ 
second  lifetimes  in  fluid  solutions  increasing  to  milliseconds  in  rigid 
glasses  at  low  temperatures  or  polymethylmethacrylate  polymer  at  room  tempera¬ 
ture  (7).  In  an  earlier  picosecond  photographic  study  in  our  laboratory  (8, 
see  Fig.  1),  the  reduction  in  the  intensity  of  the  530  nm  pump  pulse  at  100  ps 
time  delay  compared  to  zero  time  delay  is  readily  apparent.  We  recommend 
further  studies  of  similar  complexes. 

2.4  Effects  of  Molecular  Structure  and  Viscosity  of  the  Medium  on 

Relaxation  of  Excited  States. 

A  continuing  study  of  the  electronic  relaxation  of  the  excited 
singlet  state  of  tri phenylmethane  dyes,  especially  crystal  violet  (CV),  as  a 
function  of  solvent  viscosity  has  provided  valuable  insights  into  the  mechan¬ 
isms  by  which  excited  states  of  large  dye  molecules  are  deactivated  (F,  H,  M, 
N).  Torsional  motions  of  parts  of  the  molecule  in  the  excited  state  appear  to 
play  a  crucial  role  in  mediating  electronic  relaxation.  Viscous  damping  by 
the  solvent  can  hinder  such  motions,  thereby  lengthening  the  excited  state 
lifetime.  This  result  has  important  implications  with  regard  to  the  formula¬ 
tion  of  dynamic  filters  because  it  could  provide  a  means  for  controlling  the 
time  response  of  the  system. 
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2.5  Laser  Upconversion  Technique  for  Picosecond  Time-Resolved 
Fluorescence  Studies 

Closely  related  to  and  overlapping  with  the  studies  in  2.4  is  the 
development  of  a  laser  upconversion  technique  for  observing  the  excited  state 
of  CV  and  related  molecules  in  emission,  via  upconversion  of  the  fluorescence 
by  coherent  mixing  with  a  component  of  the  exciting  laser  pulse  (H).  This 
work  was  carried  out  during  my  sabbatical  leave  (1978-79)  at  The  Royal 
Institution,  London,  England,  using  a  synchronously  pumped  mode-locked  dye 
laser  system.  The  technique  has  high  sensitivity,  meaning  that  excited  sing¬ 
let  states  under  conditions  of  very  low  fluorescence  yield  (<1%)  can  be  stud¬ 
ied,  and  also  provides  excellent  time  resolution  (2-4  ps).  Coupled  with  a 
picosecond  tunable  dye-laser  system,  it  provides  an  excellent  diagnostic  tool 
for  following  time-dependent,  spectral  absorbance  changes  of  dynamic  filters 
down  to  the  shortest  times. 

2.6  Radical  Ions  as  Dynamic  Absorbers  and  Electron  Transfer  Studies 
Additional  flexibility  in  providing  very  rapid  changes  in  spectral 

absorbance  in  response  to  an  incident  laser  pulse  is  provided  by  the  recogni¬ 
tion  that  electron  transfer  reactions  can  be  exploited  to  generate  new  absorb¬ 
ing  species  in  very  short  periods  of  time.  In  such  systems,  light  absorption 
first  produces  an  excited  state  of  the  donor  (D)  molecule,  which  then  trans¬ 
fers  an  electron  to  another  type  of  molecule  called  the  acceptor  (A).  In  the 
process  two  new  chemical  species  are  produced,  the  radical  cation  of  the 
donor,  D+,  and  the  radical  anion  of  the  acceptor.  A”.  Electron  transfer 
reactions  are  normally  very  rapid,  taking  place  on  the  picosecond  (10  sec) 
time  scale.  Thus  if  electron  transfer  takes  place  from  the  excited  singlet 
state  (Sj)  of  the  donor  that  is  directly  produced  by  the  initial  act  of 
light  absorption,  and  if  the  donor  and  acceptor  are  in  close  proximity  as  in  a 
molecular  complex,  the  response  time  of  the  system  can  be  extremely  rapid.  In 
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other  cases,  electron  transfer  occurs  from  the  lowest  triplet  state  (T-j)  of 
the  donor.  In  these  cases,  the  response  time  will  usually  be  in  the  nano¬ 
second  to  microsecond  time  range,  corresponding  to  the  time  for  intersystem 
crossing  from  to  T^ .  In  both  cases  (singlet  donor  and  triplet  donor) 
the  response  time  may  also  be  controlled  by  the  time  it  takes  for  the  donor 
and  acceptor  to  meet  each  other  (the  encounter  time)  if  both  donor  and 
acceptor  are  free  molecules  in  fluid  solution.  This  time  could  range  from 
tens  of  picoseconds  (~10”^sec)  to  microseconds  depending  upon  the 
concentrations  employed. 

In  the  case  of  molecular  excited  states,  the  decay  of  the  dynamic 
absorption  will  be  first  order,  either  radiatively  by  the  emission  of  fluores¬ 
cence  or  non-radiatively  by  internal  conversion  or  more  likely  by  both 
routes.  The  decay  time  can  vary  from  picoseconds  to  as  long  as  seconds  where 
a  spin-forbidden  transition  is  involved,  as  for  example  when  the  excited  state 
is  a  triplet-state  of  an  aromatic  molecule  and  a  rigid  medium  is  used.  For 
radical  ions,  on  the  other  hand,  the  decay  entails  a  bimolecular  encounter 
followed  by  a  reverse  electron  transfer.  In  many  cases  the  reverse  electron 
transfer  takes  place  extremely  rapidly  (<10-^sec)  before  the  radical  ions 
have  time  to  separate.  For  dynamic  filter  applications  this  is  undesirable, 
because  it  means  that  the  induced  absorption  does  not  persist  long  enough  to 
provide  a  useful  measure  of  protection  against  the  incident  laser  pulse.  In 
our  research  we  are  trying  to  find  ways  of  inhibiting  the  reverse  electron 
transfer  process,  while  at  the  same  time  either  not  affecting  or  even  perhaps 
speeding  up  the  forward  electron  transfer  reaction.  Since  nature  has  already 
accomplished  this  highly  desirable  state  of  affairs  in  photosynthetic  reaction 
centers,  there  is  much  to  be  learned  from  studying  these  and  related  model 
pigment  systems.  A  natural  and  synergistic  overlap  therefore  occurs  between 


9 


our  research  on  dynamic  absorbers  and  our  studies  of  the  primary  charge 
separation  process  in  photosynthesis.  It  is  worth  noting  and  emphasizing  that 
porphyrins  constitute  a  large  and  versatile  class  of  molecules  that  are  highly 
absorbing  in  the  visible  and  near  infra-red  regions  of  the  spectrum  and  which 
also  possess  a  good  measure  of  both  thermal  and  photochemical  stability. 

Two  publications  (G,K)  describe  studies  aimed  at  gaining  an  improved 
understanding  of  electron  transfer  reactions  in  micellar  media.  The  structur¬ 
ed  environment  provided  by  micelles  (aggregates  of  detergent  molecules)  offers 
the  possibility  of  controlling  the  rates  of  both  the  forward  and  reverse  elec¬ 
tron  transfer  reactions  involved  in  the  formation  and  decay  of  radical  ions. 
One  publication  (L)  describes  a  spectroscopic  study  of  a  series  of  porphyrin 
dimer  complexes.  The  objective  here  is  to  better  understand  the  photophysical 
and  photochemical  behavior  of  artificial  systems  that  mimic  closely  in  struc¬ 
ture  the  very  successful  natural  systems,  many  of  which  employ  a  chlorophyll 
dimer  as  the  electron  donor. 

2.7  Invited  Reviews  of  the  Literature 

The  preparation  of  two  comprehensive  reviews  (D  and  E)  received 
partial  support  from  this  contract.  The  first  (D)  reviews  the  experimental 
techniques  needed  to  make  spectroscopic  and  kinetic  measurements  in  the  very 
short  time  range.  The  second  (E)  is  narrower  in  scope  and  presents  an  histor¬ 
ical  and  somewhat  personal  perspective  on  the  development  of  the  flash  photol¬ 
ysis  technique  over  the  past  three  decades  from  the  microsecond  to  the  pico¬ 
second  time  range  followed  by  a  discussion  of  the  primary  charge  separation 
process  in  photosynthesis.  The  latter  survey  was  presented  as  an  invited 
plenary  lecture  at  a  Royal  Society  Discussion  on  Ultra-Short  Laser  Pulses  held 
at  Carlton  House,  London,  May  23-24,  1979. 
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Picosecond  Studies  of  Excited-State  Decay 
kinetics  in  Chromium] III):  trans-Diisothiocyanato- 
bisfethy  lenediamine)chromium(III),  Reinecke's  Salt, 
and  Hexaisothiocyanatochromium(lll)  in  H2O 
and  DjO  at  Room  Temperature 

Sir 

The  interest  in  excited-state  relaxation  in  Cr(III)  complexes 
stems  from  the  debate  over  the  identity  of  the  photoactive  state 
in  Cr(lll)  photochemistry.  Early  work  by  Planeand  Hunt1  and 
Schlafer  suggested  that  the  lowest  doublet  state  was  the  pri¬ 
mary  intermediate  responsible  for  photochemistry.  Subse¬ 
quently,  Chen  and  Porter'  established  that  at  least  some  of  the 
photoproduct  in  the  photoaquation  of  rrans-Cr(NHj);- 
(NCS)j-  must  derive  from  sources  other  than  the  doublet. 
Tr.cv  suggested  that  the  lowest  quartet  excited  state  was  re¬ 
sponsible.  In  addition,  the  lack  of  direct  evidence  for  doublet 
photochemistry  led  them  to  suggest  that  all  other  photoproduct 
could  be  a  consequence  of  thermally  activated  back  intersystem 
crossing  from  the  doublet  to  the  quartet  similar  to  the  process 
of  E-type  delayed  fluorescence.  Since  then,  it  has  been  dem¬ 
onstrated  that  some,  if  not  all,  of  the  photochemistry  for  several 
complexes  derives  from  the  lowest  excited  quartet  stale.4  The 
quartet  hypothesis  is  supported  by  the  successful  prediction 
of  product  stoichiometry  by  models  based  on  the  ligand  field 
strength  of  the  first  coordination  sphere.  The  first  of  the 
spectroscopic  models  was  developed  by  Adamson. s  Models 
have  since  been  developed  to  rationalize  Adamson's  rules  which 
use  MO  theory  to  account  for  changes  in  the  0  and  ir  character 
of  the  metal  ligand  bonds  as  a  result  of  the  change  in  electronic 
configuration  in  the  lowest  excited  quartet  state.6  Even  ste¬ 
reochemical  changes  have  been  rationalized.7  The  similarity 
in  formal  electronic  configuration  between  the  ground  and 
doublet  states  ((2*')  and  the  negligible  Stokes  shift  of  the 
doublet  phosphorescence  has  suggested  that  there  was  negli¬ 
gible  difference  in  geometry  between  the  two  states  and  that 
bond  rupture  in  the  doublet  was  therefore  no  more  likely  than 
in  the  ground  state. *  However,  (his  argument  is  weakened  by 
the  following  considerations.  Intensity  progressions  in  the  vi¬ 
brational  structure  of  the  phosphorescence  of  Cr(CN)<,’~  have 
been  interpreted  as  evidence  for  considerable  distortion  arising 
from  compression  of  the  metal  ligand  bonds  in  the  doublet 
relative  to  the  ground  state.''  In  addition,  configuration  inter¬ 
action  (tj,,'  t2PJeB)  could  cause  some  increase  in  average  bond 


lengths  as  the  crystal  field  parameter  (10  I)q)  decreases  and 
the  excited  quartet  doublet  energy  gap  shrinks.10  Thus,  dou¬ 
blet  reactivity  cannot,  at  present,  be  completely  ruled  out. 

Excited-state  kinetic  and  spectroscopic  studies  of  Cr(lll) 
complexes  under  photochemical  conditions  may  contribute  to 
the  understanding  of  the  mechanism  of  the  photochemical 
reaction.  Until  recently,  however,  studies  of  the  photophysics 
of  excited  states  in  Cr(III)  have  been  limited  to  studies  of  ruby: 
observations  of  phosphorescence  of  complexes  at  low  tem¬ 
perature;  and  to  data  obtained  indirectly  through  studies  of 
photochemistry,  emission  quenching  or  sensitization.  Nano¬ 
second  pulsed  laser  studies  of  the  decay  of  emission  or  excited 
state  absorbance  (ESA)  in  acidoammine  complexes  of  Cr(III ) 
may  be  helpful  in  assessing  the  role  of  the  doublet  state  in 
photoreaction.11  11  However,  picosecond  time  resolution  is 
needed  to  examine  the  role  of  the  excited  quartet  state  in 
Cr(lll)  photochemistry.  Earlier  studies  in  our  laboratory,  of 
picosecond  excited-state  relaxation  in  transition  metal  com¬ 
plexes,  suggested  that  the  excited  quartet  lifetime  in  Cr(lll ) 
complexes  was  too  short  to  measure  ( <  1 0  ps).14  We  have  ex¬ 
tended  this  work.  Repeated  studies  of  /rart.v-Cr(enh(NCS)C. 
rron.v-Cr(NH3)2(NCS)4_  and  Cr(NCS)<,'~  show  that,  while 
the  rise  time  of  transient  absorbance  is  fast  (II  ps  <  r  <  24  ps). 
it  is  within  the  time  resolution  of  our  picosecond  flash  system 
We  have  also  studied  the  influence  of  the  medium  on  the  rale 
of  appearance  of  transient  absorbance. 

Excited-state  spectroscopy  and  measurement  of  excited- 
state  lifetimes  were  performed  using  the  picosecond  flash 
photolysis  system  described  elsewhere.1'’  Solutions  were  pre¬ 
pared  in  H;0  and  D20  at  the  start  of  each  experiment.  The 
counterions  were  K+  and  NH4+  in  Cr(NCS)h'~  and  fruns- 
Cr(NHi)2(NCS)4~,  respectively.  The  counterions  were  Cl 
and  CKTC  in  the  case  of  fratw-Cr(en)2(NCS)2+.  and  the  rise 
times  of  transient  absorbance  were  equivalent  in  both  media. 
Solutions  of  Cr(lll)  were  typically  0.1  M.  and  a  fresh  solution 
was  used  for  each  flash.  The  transient  spectra  were  identical 
with  those  observed  in  the  earlier  picosecond  work14  as  well  as 
those  reported  for  the  excited  doublet  state  in  low  temperature 
glassy  media.16  Similar  spectra  were  also  observed  in  nano¬ 
second  room-temperature  kinetic  spectroscopy  ’-’1'  We  have 
estimated  the  extinction  coefficients  of  the  excited-state 
transitions  by  comparison  with  the  excited  singlet  transition 
in  Rhodamine6-G  (<(S|)  =  4.8  X  104  M"1  cm"1  at450nmi:) 
The  values  all  lie  between  10’  and  104  M_l  cm"1  and  agree 
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Table  I.  K  isc  Time  of  transient  absorbance 


complex 

i  X  lO’-.s 

II  ;0  0,0 

trans-i. r(cn).(Nl  S).* 

lb  ±  1 (4)“ 

24  ±  2(2) 

Irtm.\-Cr{  N 1 1 1 ) ,( N (  S  >4 

’2  ±  2  (4) 

1  1  ±  2  O) 

C'r(NCS)l,‘ 

lb  ±  2 (2) 

12  i  b(2) 

■'  The  value  in  parentheses  represents  the  number  of  measurements 
from  which  the  standard  deviation  was  calculated  In  cases  where  an 
average  is  presented  for  only  two  measurements,  the  uncertainty  re¬ 
flects  arbitrarily  twice  the  difference  between  the  two  experimental 
values 

reasonably  well  with  previously  reported  values. 12lbb  The  rise 
times  of  excited-state  absorbance  (ESA)  were  independent  of 
probe  wavelength  and  are  listed  in  Table  I.  By  measuring  the 
rate  of  appearance  of  excited  singlet  absorbance  (S|)  in  Rho- 
dantine  <>-G  (6  ±  2(4)  px),  we  established  that  our  measured 
rise  times  of  transient  absorbance  observed  for  the  Cr(lil) 
complexes  were  within  our  experimental  time  resolution  and 
also  provided  an  independent  measure  of  the  width  of  our  pi¬ 
cosecond  pulse  Rate  plots  were  linear  for  I  to  2  lifetimes  and 
were  not  corrected  for  the  influence  of  the  pump  pulse. 

There  are  two  notable  features  apparent  in  the  data  in  Table 
I  First,  there  is  very  little  change  in  the  transient  rise  time  from 
one  complex  to  another  The  transient  has  been  assigned  as  the 
lowest  doublet  excited  state  on  the  basis  of  the  close  similarity 
in  the  lifetimes  for  the  decay  of  ESA  and  the  decay  of  phos¬ 
phorescence  intensity  in  tran.s-CrfNHshfNCSU-  at  low 
temperature. I6b  If  the  rise  in  F.SA  reflects  intersystem  crossing 
(ISC)  from  the  vibrationally  equilibrated  first  excited  quartet 
state  to  the  doublet  state,  the  lifetime  might  be  expected  to  be 
dependent  on  the  energy  gap  between  the  minima  in  the  dou¬ 
blet  and  the  excited  quartet  potential  energy  surfaces.  The  data 
show  little  or  no  dependence  on  10  Dq.  the  value  of  which 
should  reflect  that  gap.  An  alternative  interpretation  is  con¬ 
sistent  with  evidence  reported  by  Kane-Maguire  et  al.18  that 
intersystem  crossing  may  compete  with  vibrational  equili¬ 
bration  in  Cr(III)  complexes.  Since  the  energy  of  the  lowest 
doublet  is  relatively  insensitive  to  10  Dq,  the  rise  time  may 
reflect  a  combination  of  intersystem  crossing  from  the  initially 
formed  quartet  state  to  the  doublet  state  and  relaxation  within 
the  doublet  manifold  from  the  vibrational  level  isoenergetic 
with  the  Franck  Condon  state  produced  in  the  excited  quartet 
at  the  energy  of  the  laser  pulse  ( 1 .88  gm"1  or  530  nm).  The 
energy  separation  between  the  initially  attained  vibrational 
level  in  the  doublet  and  the  zeroth  vibrational  level  would  then 
be  relatively  independent  of  the  nature  of  the  complex.  Con¬ 
sequently.  the  observed  lifetime  might  not  be  sensitive  to 
changes  in  10  Dq  if  intersystem  crossing  were  comparable  with 
or  faster  than  vibrational  decay.  A  similar  explanation  was 
used  recently  to  explain  excited-state  relaxation  in  trans- 
Cr(NFfO:(NCS)4  n  If  this  is  the  correct  model,  the  observed 
lifetime  might  depend  on  the  energy  of  the  Franck -Condon 
state  in  the  excited  quartet  manifold.  Picosecond  studies  as  a 
function  of  excitation  wavelength  would  be  helpful  in  exam¬ 
ining  this  possibility. 

Second,  there  is  a  modest  but  definite  isotope  effect.  The 
expected  effect  of  I);0  on  the  rate  constant  (a  reduction)  is 
observed,  however,  only  in  the  case  of  mjnr-Cr(enh(NCS)2+. 
The  reverse  effect  is  observed  in  6wts-Cr(NHj)2(NCS)4~  and 
perhaps  in  Cr(NCS)h’-.  the  rates  in  these  cases  being  accel¬ 
erated  Isotope  exchange  for  coordinated  ammine  protons  may 


be  responsible  for  changes  in  the  measured  lifetimes,  but  still 
would  be  expected  to  lengthen  quartet  lifetimes  in  each  com¬ 
plex  regardless  of  whether  the  perturbarion  was  inner  or  outer 
sphere.  Flowever,  the  opposite  effects  on  doublet  risetimes  may 
reflect  a  charge  dependence  similar  to  that  reported  in  the 
photochemistry  of  /ra/ti-Cr(en)2NCSF+  and  trans- 
Cr(NF)3)2(NCS)4-.19  and  in  photophysical  studies  of  ESA 
decay  on  the  nanosecond  time  scale  for  Cr(NH3)sNCS+, 
trans-Cr(NH3)2(NCS)4_,  and  Cr(NCS)h3~.12  Additional 
studies  of  the  medium  dependence  of  excited-state  decay  in 
Cr(lll)  complexes  are  underway. 

In  conclusion,  we  have  shown  that  the  rise  time  of  excited- 
state  absorbance  is  measurable  and  longer  than  the  earlier 
estimate  of  <10  ps.  We  believe  that  the  available  evidence 
favors  the  doublet-state  assignment  for  the  observed  ESA 
However,  the  precise  details  of  the  relaxation  mechanism  from 
the  initially  excited  quartet  state  to  the  doublet  manifold 
remain  to  be  unraveled 
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PICOSECOB)  STUDIES  OF  TRANSITION  METAL  COMPLEXES 


Patrick  E.  Hoggard,  Alexander  D.  Kirk1,  Gerald  B.  Porter2,  Mark  G.  Rockley3, 

and  Maurice  W.  Windsor4 

Department  of  Chemistry 
Polytechnic  Institute  of  New  York 
New  York,  NY 

Lifetimes  of  excited  electronic  states  of  a  number  of  transition  metal  complexes 
have  been  measured  In  solution  at  room  temperature  with  picosecond  time  resolution  [l]3. 
Two  experimentally  distince  lifetimes  can  be  retrieved  with  this  technique.  The  ground 
state  bleaching  (GSB)  lifetime  ss  that  for  the  total  repopulation  of  the  ground  sta*e, 
measured  by  the  regrowth  in  intensity  of  absorption  bands.  Initially  bleached  because  of 
depopulation  by  the  pumping  pulse.  The  excited  state  absorption  (ESA)  lifetime  is  that 
for  depopulation  of  a  particular  excited  state,  measured  by  the  decay  of  the  electronic 
absorption  spectrum  from  that  state. 

Both  of  these  processes  are  observed  only  under  somewhat  special  conditions,  and  in 
addition  we  have  thus  far  been  limited  by  the  necessity  that  the  sample  absorb  signifi¬ 
cantly  at  530  nm,  the  double  frequency  of  a  Nd3  laser.  To  observe  GSB,  the  molar  extinc¬ 
tion  coefficient  at  530  nm  must  be  higher  than  about  5000.  A  similar  requirement  applies 
to  ESA  -  the  extinction  coefficient  must  be  high,  somewhere  within  the  range  of  the 
Instrumentation  and  the  continuum  pulse  used  for  analysis.  Additionally,  observation  is 
Impossible  If  the  excited  state  absorption  Is  masked  by  the  ground  state  absorption. 

In  spite  of  these  restrictions,  a  number  of  transition  metal  complexes  have  been 
found  for  which  we  can  observe  GSB  and/or  ESA.  A  summary  of  some  of  these  results  is 
Shown  In  the  table. 

In  the  case  of  the  Fe(II)  complexes,  there  are  two  absorption  bands  in  the  visible 
region,  an  Intense  band  above  500  nm,  representing  a  CTTL  transition,  and  anotner  rruch 
weaker  band  below  900  nm,  assigned  to  a  3Tlq«-  3Aiq  ligand  field  transition.  Ir.  addition, 
transitions  from  3CT  and  3Tlq  states  are  probablyymasked  by  the  spin  allowed  charge  tran¬ 
sfer  band.  An  estimate  of  the  radiative  lifetime  of  the  *CT  state  from  the  absorption 
spectrum  plus  the  absence  of  observable  luminescence  allows  us  to  rule  out  this  state  as 
too  short-lived  to  contribute  to  the  observed  GSB  lifetime.  The  830  ps  lifetime  is  con¬ 
sistent  with  estimates  for  the  3T,n  lifetime,  but  could  represent  decay  into  the  ground 
state  from  any  of  3Tjg;  'Tj.,,  or  *cT. 
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Chromium  (III)  complexes  exhibit  small  extinction  coefficients  In  general,  so  that 
6S8  Is  not  expected  to  be  observed.  Exited  state  absorption  from  the  lowest  ligand  field 
states,  HT2g  and  2£g  would  also  be  expected  to  exhibit  small  extinction  coefficients  with¬ 
in  the  manifold  of  Tigand  field  states.  Observation  of  ESA  In  the  visible  range  is  thus 
to  be  expected  only  with  ligands  which  Induce  charge  transfer  states  In  the  region  of 
30-40  kK  above  the  ground  state.  Thiocyanate  and  acetyl  acetone te  complexes  exhibit  the 
required  CT  bands,  and  ESA  was  observed  for  these  complexes. 


Table 

Complex 

Ground  state 
bleaching 

Excited  state 
absorption 

Type  of 
transition 

[Fe(b1py)3]2+ 

t  ■  830  ps 

[FetphenJj]2* 

Observed 

[Ru(b1py)2(CH30H)2]2+ 

t  *  620  ps 

X  <  425  nm 

max 

probably  Intra ligand 

[Cr(NH3)2(NCS4)]‘ 

X  ca  520  nm 

max  — 

t  ■  5  ns 

Charge  transfer 

M  -  L 

[Cr(acac)3] 

X  ca  500  nm 

max  — 

T  ■  1.5  ns 

Charge  transfer 

M  -  L 

[Cr(NCS)6]3' 

x_,„  ca  540  nm 
max  — 

t  ■  5  ns 

Charge  transfer 

M  -  L 

Although  the  4T2g  state  Is  reached  by  absorption,  the  ESA  spectra  of  all  3  complex¬ 
es  match  the  ESA  of  the  2Eg  state  measured  at  77  K  by  Ohno  and  Kato  [2],  Unless  the 
ESA  spectra  of  ‘•T™  and  2Eg  states  are  fortuitously  the  same.  It  appears  that  the  1*T2g 
state  undergoes  Intersystem  crossing  to  the  2Eg  state  In  a  time  less  than  the  duration 
of  the  pump  pulse  (ca.  5  ps). 
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Reliable,  inexpensive  microcomputer  interface  for  the  optical 
multichannel  analyzer  (OMA) 
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A  microprocessor  system  and  interface  for  the  optical  multichannel  analyzer  (OMA)  is 
described.  The  interface  hardware  and  software  are  very  simple  and  easy  to  implement.  The 
microcomputer  is  used  in  conjunction  with  the  OMA  in  the  2-d  (two-dimensional)  mode  as 
the  data  acquisition,  analysis  and  storage  system  for  a  8-ps-resolution  transient  absorption 
spectrometer.  However,  the  microcomputer  and  interface  hardware  and  software  are  of 
general  use  in  any  application  where  rapid  transfer,  processing  and  storage  of  spectroscopic 
information  from  the  OMA  are  required. 


Recent  rapid  advances  in  microprocessor  technology 
make  laboratory  data  acquisition  and  analysis  systems 
based  on  the  microprocessor  a  powerful  yet  inexpensive 
alternative  to  interfacing  instrumentation  with  mini¬ 
computers.  The  purpose  of  this  article  is  to  describe 
how  a  simple  inexpensive  microcomputer  was  interfaced 
to  a  Princeton  Applier  Research  (PAR)  Optical  Multi¬ 
channel  Analyzed  (OMA).  A  block  diagram  of  the  ex¬ 
perimental  apparatus  is  shown  in  Fig.  I .  We  have  chosen 
to  describe  this  particular  interface  because  of  our 
specific  experience  and  because  the  OMA  and  related 
rapid  scan  photodetection  systems  based  on  vidicon 
detectors  and  diode  arrays  are  used  lor  an  increasing 
variety  of  tasks  from  Raman  spectroscopy  to  quality 

1653  Rev,  Sci.  Instrum.  50(12).  Dec.  1979  0034-6748/79/121653-03$00.60  >  1979  American  Institute  of  Physics  1653 


Optical 
Information  " 


Htmory  A.B.both 


Fui.  1,  Block  diagram  of  the  overall  data  acquisition,  storage  and 
analysis  system  of  the  picosecond  absorption  spectrometei  1  he 
monitoring  pulse  from  the  laser  apparatus  contains  sample  ground  and 
excited  state  absorption  information.  This  is  dispersed  by  the  mono 
chromator  and  detected  by  the  vidicon  coupled  to  an  optical  multi¬ 
channel  analyzer  (OMA).  Spectral  information  from  the  OM  A  is  proc¬ 
essed  hy  the  computer  to  yield  a  transient  absorption  spectrum  for  a 
single  laser  shot,  displayed  and  then  stored  on  a  floppy  disk 
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GROUND 


l  u.  2.  Sihcmalti  ul  the  OMA  mii/ru 
compulei  interface  circuitry  for  data  iranvfei 
and  associalcd  handshake  signals.  The  6821 
PI  A  chip  is  wired  via  registei  selects  kSO  and 
RSI  lo  operate  as  a  16-hit  port  at  com 
puler  II)  port  h.  The  7407  open  collector 
drivers  Ilfs  2  hi  are  located  in  a  hoc  at 
the  DM  A  output  connector  and  are  powered 
from  the  7K0S  voltage  regulator  The  470-11 
pull  up  resistors  are  located  on  the  port 
h  interface  hoard.  The  primed  numbeis 
at  the  OMA  refer  to  the  lemote  program 
ciinnecloi .  unpinned  nuinhers  rclei  to  the 
digital  oiiipiit  connector  Suite  not  shown  in 
this  ligtiiv  is  a  74121  K  he  I  ween  the  (  H2  pin 
and  the  \  and  II  memoir  erase  switches, 
cnnligiiicd  as  a  one  shot  to  pros  ide  a  low  pulse 
of  I  ms  duration  necess.ur  lor  .  umplctc 
ei  asm  e 


control  in  the  manufacture'  of  paints1  1  blit  few  micro¬ 
processor  interfaces  have  been  described.  '  This  irticle 
describes  a  wotking  OMA  interface  and  is  a  starting 
point  lot  those  with  interest  in  other  related  micro¬ 
processor  applications. 

I  he  important  advantages  of  our  approach  are  .is 
follows; 

ia)  I  he  entire  microcomputer  system.  including  28K 
static  RAM  memoir.  4K  programmable  KPROM. 
terminal,  printer,  plotter.  A  I)  and  I)  A  converters,  and 
8 -in.  (loppy  disk  drive  wilh  *50  Kbytes  perdisk.  and  soft¬ 
ware  can  he  purchased  for  under  S4000. 

(hi  The  actual  OMA  interface  requires  about  S20  in 
integrated  circuit  chips  Ilfs)  and  can  be  wired  in  only  a 
couple  of  hours  and  is  completely  compatible  with  exist¬ 
ing  I  ( )  signals  available  at  the  OMA  console  rear  panel. 

icl  Software  requirements  to  drive  the  interface  ate 
minimal. 

(dl  General  applicability  of  the  hardware  and  software 
for  use  in  applications  where  rapid  transfer,  storage 
and  analysis  of  spectroscopic  information  from  the  OMA 
is  required. 

(e)  Our  OMA  consists  of  the  I205B  vidicon  detector 
and  the  standard  1 205 A  console.  Thus  the  present  inter¬ 
lace  gives  this  widely  used  OMA  many  of  the  features 
of  the  more  expensive  OMA2  ( 12 1 5)  recently  introduced. 

A  Jarrel-Ash  0.25-m  monochromator  (without  exit 
slit)  is  used  to  disperse  the  input  signal  onto  the  photo¬ 
cathode  of  the  vidicon.  The  OMA  converts  the  intensity 
of  the  signal  at  any  particular  wavelength  to  current  by 
sweeping  the  photocathode  with  an  electron  beam.  The 
current  versus  time  signal  is  divided  into  500  channels, 
with  each  channel  corresponding  to  successive  vertical 


sweeps  of  the  photocathode.  The  signal  is  digili/cu 
and  can  be  stored  in  either  of  two  OMA  memories,  l-.ach 
of  the  memory  words  contains  21  hits  of  intensity  in 
formation  including  live  places  for  magnitude  icach 
comprising  4  BCD  bits i  plus  a  sign  bit.  We  use  only 
four  places  of  accuracy  ( 16  bits)  and  ignore  the  sign  hit 
since  all  values  are  positive.  Any  one  of  the  500  words 
per  memory  can  be  displayed  on  the  front  panel  and  is 
also  available  at  the  digital  output  connector  on  the 
back  panel  for  access  by  a  computer  interface.  The  data 
for  each  channel  tire  in  parallel  form.  Channels  can 
he  selected  using  a  cursor  button  located  on  the  front 
panel  or  by  the  computer  via  the  digital  output  connec¬ 
tor.  Similarly,  one  can  reset  the  cursor  to  channel  zero 
or  select  either  OMA  memory  A  or  B  for  output  with 
push  button  or  computer  control.'1 

The  microcomputer  mainframe  is  a  SWTPC  6800 
(Southwest  Technical  Products  Corporation.  San 
Antonio.  TX )  with  eight  slots  along  the  50-pin  bus  for  the 
microprocessing  unit  (MPU)  and  memory  boards  and 
eight  slots  along  a  reduced  30-pin  bus  for  I  ()  cards.  The 
Motorola  6800  MPU  in  our  system  is  run  at  890  KHz. 
The  28K  of  static  (2IL02)  memory  comprises  the  central 
memory,  along  with  4K  of  KPROM  containing  disk  I  () 
and  some  data-erunching  routines.  Six  of  the  I  O  ports 
are  alloted  to  interfaces  for  the  SWTPC  CT-64  terminal 
display,  the  SWTPC  PR-40  dot-matrix  printer.  D  A  con¬ 
verter,  A/D  convene) .  Houston  Instruments  HIPl.OT 
digital  plotter,  and  8-in.  floppy  disk  drive  (model  KD-S. 
Midwest  Scientific  Instruments.  Olathe.  KS)  Port  6 
along  with  an  unused  half  of  port  4  are  used  for  the 
OMA  interface  described  below.  Kach  parallel  interface 
consists  of  one  Motorola  6821  peripheral  interface  adap 


I 


COMPUTER 


[•K.  3  Schematic  of  the  OMA  mcnuny  .id 
dress  and  control  circuitry  making  use  of  the  H 
side  of  a  PI  A  at  computer  I  O  poll  4  I  he  A  suie 
of  port  4  is  dedicated  to  the  PK  40  pnnfet  IV* ei 
is  derived  from  the  computer  v  iu  .in  on  ho.ud  volt 
age  regulatoi  as  in  Pig  2 


tor  I  PI  A)  chip  and  huffer/ilrivers  for  the  I/O  lines.  The 
PIA  has  tuo  essentially  equivalent  I  O  sections  each 
consisting  of  eight  data  lines  and  tuo  control  lines.  The 
direction  of  flou  on  each  data  line  and  the  response  of 
the  peripheral  control  lines  are  all  under  sofluare  con¬ 
trol  Patch  half  also  has  an  internal  8-bit  control  regis¬ 
ter  and  an  X-bit  output  (data)  register,  treated  as  mem¬ 
ory  locations  to  be  read  from  or  written  into  by  the 
MRl.  I  hts  gives  the  computer  memory-mapped  I  O. 

I  he  PIA  address  lines  RSO  and  RSI  can  be  wired  so  that 
the  addresses  for  the  two  X-bit  output  locations  alternate 
uith  those  of  the  control  locations  or  are  sequential  to 
each  other.  In  the  latter  configuration  the  PIA  can  be 
used  as  a  lb-bit  port  the  transmitted  or  received  data 
being  sent  to  or  received  from  the  PI  A  via  one  of  the 
MPt  lb-bit  registers  with  a  single  instruction.  The 
present  design  uses  this  approach  for  the  poi :  b  PIA 
i  Pig.  2). 

I  he  OM  A  control  and  data  signals  arc  routed  to  the 
simple  interface  logic  at  the  microcomputer  1  O  ports 
b  and  4  as  show  n  in  Pigs.  2  and  3.  respectively.  I  he  total 
cost  of  the  complete  interface  is  under  S20.  I  he  lines 
for  each  data  bit  are  connected  in  ascending  order  to 
the  data  inputs  of  the  peripheral  interface  adaptor  (PIA) 
chip  at  computer  I  ()  port  b  (Fig.  2)  via  7407  open  col¬ 
lector  drivers  K's  2-6  and  470-U  pull-up  resistors.  The 
data  transfer  proceeds  as  follows  (Fig.  2).  PIA  control 
CB2  is  set  low  by  a  software  command.  Th>  erases 
cilhc  or  both  OMA  memories  depending  on  le  posi- 
tn  .  of  the  SPST  suit.  ‘>es.  and  clears  flip  Mop  :!'l .  set- 
bag  its  Q  output  high  so  that  the  OMA  is  in  tl  nonac- 
cumulation  mode. 

When  the  experiment  is  initiated,  a  trigger  p  .'se  from 
a  flashlamp  light  detection  circuit  in  the  main  ho  cavity 
applies  a  logic  low  to  NOR  gate  IC  X  and  onto  t!  •  set  in¬ 
put  of  1C".  This  toggles  its  Q  out  low.  forcing  •  OMA 
accumulation  linctsi  low  and  allowing  accumuh.  .on  into 
the  selected  OMA  memories  for  the  preset  ni  .nber  of 
accumulation  cycles.  I  'pon  completion  of  this  a.  umula- 
tion.  the  OMA  HOl.DDI"  line  goes  high,  indicating  to 


the  computer  via  the  PIA  C'A  I  control  input  that  the  ex 
perimental  data  is  stored  in  the  OMA  memories  and  that 
data  transfer  from  the  OMA  to  the  computer  can  nou 
take  place. 

The  transfer  of  500  (channels)  16-hit  data  words  is  con¬ 
trolled  by  software  through  handshake  between  the  PI  A 
CAI  and  C’A2  lines  and  the  OMA  data  ready  and  data 
request  lines.  The  microprocessor  cycle  time  for  trans¬ 
ferring  datii  is  about  30  ms  for  each  channel  as  deter 
mined  by  the  MPU  clock  frequency  and  the  controlling 
software.  During  the  transfer,  selection  of  the  appro¬ 
priate  OMA  memory,  resetting  the  cursor  to  channel 
zero,  and  sequentially  addressing  each  of  the  OM  A 
memory  locations  in  order  to  transfer  its  stored  data  is 
controlled  by  one-half  of  a  PIA  at  microcomputer  port  4 
This  circuitry  is  shown  in  Fig.  3.  The  bXOt)  machine  code 
for  initiating  the  experiment  and  controlling  data  ti  anslei 
from  the  OMA  memories  to  the  computer  central  memory 
is  very  simple  and  requires  less  than  200  bytes  of 
memory." 

This  work  was  supported  by  the  Office  of  Naval  Re 
search,  by  the  US  Army  Research  Office  under  DAA(i29- 
76-9-0275.  and  by  NSF  grants  PCM75-23504  and 
PCM79-0291 1. 
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the  appearance  of  fluorescence  after  excitation  by  a  short  pulse.  However  Fe-UQ  complex.  The  net  effect  is  that  an  electron  is  transferred  from 

interpretation  of  the  results  is  clouded  by  the  possibility  of  excited-state  BC’hl-BChl  to  X  in  two  stages,  an  initial  very  fast  step  ( '  10  psec)  and  a 

annihilation  processes  (singlet-singlet  and  singlet-triplet),  especially  at  second  somewhat  less  fast  step  (  200  psec).  Much  interest  has  focused 

high  light  intensities  |  165,  1 72 1 .  It  is  not  yet  known  exactly  how  fast  t>n  i(Jer»t it y  of  P' .  and  it  is  now-  known  to  have  the  structure  (BC’hl- 
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Picosecond  studies  o(  primary  charge  separation  in  bacterial  photosynthesis 
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Willi  the  aid  of  light  and  two  coupled  photosystems  containing  chlorophyll,  green 
plants  remove  electrons  front  water,  releasing  and  convey  them  to  C()2,  reduc  ing 
it  to  simple  sugars  and  thence  to  carbohydrate.  Photosynthetic  bacteria  operate  more 
simply,  employing  a  single  photosystem.  They  reduce  C02  but  require  substrates  more 
easily  oxidized  than  water,  c.g.  sulphide  and  succinate.  Bacterial  reaction  centres 
free  of  the  bulk  ehlorophs  II  that  performs  the  light-harvesting  function  can  be  isolated. 
The  reaction  centre  is  the  site  where  tlu-  electronic  energy  of  the  photoexeited  molecule 
is  converted  to  chemical  potential.  Thus  bacterial  reaction  centres  are  ideal  subjects 
for  studying  the  details  of  this  process  by  kinetic,  spectroscopy.  Picosecond  laser  studies 
show  that  an  electron  is  removed  from  the  primary  donor  (a  chlorophyll  dimer)  in  4ps 
or  less  anti  transferred  in  several  stages  to  the  ubiquinone  acceptor  in  ca.  200  ps. 
Remarkably,  reverse  electron  transfer  is  several  orders  of  magnitude  slower.  The  paper 
discusses  how  Nature  may  have  accomplished  this. 


I.  Introduction 

During  the  past  5  years,  with  the  aid  of  new  spectroscopic  techniques  based  on  ultra-short  laser 
pulses,  it  has  become  possible  to  study  the  details  of  the  primary  charge  separation  process  in 
bacterial  photosynthesis  (see  Molten  &  Windsor  (1978)  for  a  recent  review).  Spectroscopic  and 
kinetic  studies  with  picosecond  laser  pulses  have  shown  that  electron  transfer  from  the  primary 
donor  (a  ‘special  pair’  of  chlorophyll  molecules)  to  the  ubiquinone  acceptor  takes  place  in 
about  2t Hi  ps.  Even  so,  the  transfer  does  not  occur  in  a  single  step.  Two  or  more  stages  arc 
involved  and  the  very  lirst  step  is  found  to  be  exceedingly  fast  (less  than  10  ps  and  perhaps  as 
little  as  4  ps).  These  times  are  several  orders  of  magnitude  shorter  than  had  previously  been 
assumed.  Still  more  remarkable  is  the  observation  that  the  reverse  electron  transfer  is  three  or 
more  orders  of  magnitude  slower,  leading  to  a  quantum  efficiency  very  close  to  100°o  for  the 
primary  charge  separation.  It  is  an  intriguing  challenge  to  seek  to  understand  how  Nature  has 
accomplished  this.  Comparison  of  the  new  picosecond  data  on  reaction  centres  of  photosynthetic 
bacteria  with  the  results  of  similar  studies  of  electron  transfer  in  model  systems  involving 
molecular  solutions  of  photosynthetic  pigments  and  various  electron  acceptors  in  vitro  has  been 
helpful  in  this  regard.  The  purpose  ol  this  paper  is  to  review  the  experimental  data  and  discuss 
possible  theoretical  models.  Some  background  on  the  primary  events  of  photosynthesis  will  be 
given,  with  a  brief  account  of  the  experimental  techniques  developed  in  our  laboratory  for 
picosecond  spectroscopic  studies. 


2.  Picosecond  ecash  photocysis  and  spectroscopy 
This  is  a  direct  extension  to  the  picosecond  region  of  the  well  known  microsecond  technique 
of  flash  photolysis  with  rare-gas  filled  flash  lamps  <  Non  ish  &  Porter  1 949;  Porter  1950).  A  mode- 
locked  laser  provides  the  picosecond  excitation  pulse.  The  spectroscopic  flash  for  monitoring 
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purposes  is  a  picosecond  eontininm  pulse  obtained  liv  Ionising  a  portion  of  the  laser  pulse  into 
a  variety  of  optical  media.  A  variable  time  delay  hum  .1  lew  picoseconds  to  several  nano¬ 
seconds)  between  the  two  pulses  is  obtained  by  changing  the  dillei cm  e  in  optii  al  path  length 
between  the  two  beams.  The  apparatus  developed  by  Magdc  <S:  Windsor  1974  is  shown  in 
figure  1.  A  mode-locked  Nd: glass  laser,  with  single  pulse  selection  s.p.s.  and  one  stage  of 
amplification,  produces  a  a  s  ps  duration  pulse  of  la  2u  in)  energy  at  lutiu  nm.  Single  pulse 
selection  is  at  complishcd  bv  using  an  optically  triggered  sp.nk  gap  and  Pen  kcls  cell.  Passage 
ol  the  It  Mitt  urn  pulse  through  a  suitable  oiicntated  <ryst.il  of  potassium  deuterium  phosphate 
gives  second  harmonic  generation  s  lug,  at  a.'tn  nm  w  ith  a  <  on\  11  sion  elite  iem  v  of  about  I  a 


ldtili  nm  lutiu  and 


I'lcn  m.  1.  Diagram  of  apparatus  lor  picosecond  Hash  photaku.s  ami  spc  ctioscopv . 

The  530  and  Itllittnm  pulses  .are  separated  by  a  dichroic  mirror  that  selectively  reflects  the 
53(1  nm  radiation  while  transmitting  the  fdtio  tint  pulse.  Alter  passage  through  an  optical  delay 
line  fo.d.l.)  consisting  of  a  rooftop  prism  mounted  on  an  optical  rail,  the  53<i  nm  pulse  (P  lor 
photolylic)  impinges  on  the  sample,  usually  a  cuvette  I  or  2  mm  thick.  Any  53<t  mu  light 
transmitted  by  the  sample  is  intercepted  by  an  optical  stop.  As  a  further  precaution  against 
scattered  P  ligh t  entering  the  spec  trograph,  it  is  arranged  that  the  P  beam  makes  a  slight  angle 
(luJj  with  the  monitoring  (S  lor  spectroscopic )  beam  as  in  figure  I. 

The  key  to  the  technique  of  picosecond  flash  photolysis  is  the  picosecond  continuum  pulse. 
This  is  obtained  by  focusing  the  residual  lotio  nm  radiation  into  a  cell  Id  <m  long  containing 
carbon  tetrachloride,  (Xll4.  Self-focusing  and  fil, mutilation  occur  and  a  small  fraction  ca. 
d.  I  "„ )  of  the  incident  beam  is  converted  into  a  broad  continuum.  The  continuum  retains  both 
the  short  pulse  duration  and  much  of  the  spatial  collimation  of  the  pumping  pulse.  Thus,  to  all 
intents  and  purposes,  we  have  a  white-light  laser.  Another  dichroic  beam  splitter  separates  the 
essentially  undiminished  lutiu  nm  pulse  from  the  continuum.  The  1  (Mill  nm  pulse  can  be  used 
lor  sample  excitation  or  c  an  be  blocked,  as  in  figure  I.  The  continuum  \S)  passes  through  a 
variable  optical  delay  line  and  arrives  at  the  sample  at  a  predetermined  time  relative  to  the  P 
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pulse.  Hy  adjusting  the  (mi  o.tl.ls  the  lime  inlet  \  .1 1  between  S  and  F  rail  he  varied  between  zero 
and  about  !)  ns.  Negative  delays  i.e.  N  arrives  before  FI  are  also  readily  obtainable.  These  are 
useiul  in  providing  a  reeoid  ol  the  sample  helot  e  e\<  nation  lor  control  purposes  and  correspond 
to  ‘infinite  delay’  shots  in  conventional  Hash  photolysis. 

(  )pliral  density  changes  indin  ed  in  the  sample  l>\  the  F  pulse  are  measured  in  the  following 
w  ay.  1  he  inset  at  bottom  centre  ol  fig  m  e  I  shows  the  1  ross-sec  lion  a  I  geometry  of  the  two  beams 
at  the  sample.  I  he  details  ol  the  geometry  in  this  region  are  very  important.  The  key  point  is 
th.it  the  probe  beam  is  elongated  tilling  its  vertical  axis  by  means  of  a  cylindrical  lens  so  that  11 
samples  simultaneously  the  excited  volume  in  the  centre  and  unexcited  rejeremc  volumes  both 
above  and  below  the  excited  'egion.  The  cross  section  ol  the  excited  volume  can  be  adjusted 
in  the  range  1  mm  to  about  a  mm  by  means  of  a  lens.  The  entire  area  is  then  imaged  at  about 
I  :  3  diminution  on  to  the  slit  ol  a  speclrogi nph  and.  ultimately,  on  to  either  photographic  film  or 
a  vidicon  detector  coupled  to  an  optical  multichannel  analyser  (o.m.a.).  The  absorption 
spectrum  ol  a  transient  intermediate  then  appears  sandwich'd  between  two  lclerence  spectra 
ol  the  unexcited  sample,  as  in  figure  2  a.  Hy  hav  ing  a  reference  spectrum  both  above  and  below 
a  purported  transient  spectrum,  we  gieatly  reduce  the  risk  of  misinterpreting  random  fluctua¬ 
tions  in  the  intensity  of  the  continuum  as  genuine  transient  effects.  Lor  comparison  we  provide 
in  figure  -h  the  photographic  record  ol  the  decay  of  triplet  1 ,2-benzanthracene  in  solution 
t  Porter  &  Windsor  1958,  taken  by  tonvenlion.il  Hash  photolysis  in  the  microsecond-millisecond 
region.  Taken  together,  these  two  figures  show  how  in  two  decades,  aided  by  the  laser,  the  time 
resolution  of  flash  photolysis  has  been  extended  by  six  decades  from  in  6  to  Kb  ‘-s. 

The  photographic  method  is  almost  essential  lot  exploratory  survey  work  on  a  previously 
uncharacterized  system.  It  prov  ides  wide  spectral  coverage  in  a  single  shot,  and  the  time  history 
of  whatever  transient  changes  are  present  can  be  seen  at  a  glance  on  a  single  film  or  plate  by 
taking  a  short  sequence  of  shots  at  different  time  delays.  This  is  demonstrated  in  figure  2  a, 
which  shows  picosecond  flash  photolysis  results  for  octaethylporphinatotin : IV)  dichloride 

( )1,P  Sn(!L  Magdc  it  a/.  1974  />  .  The  value  ol  the  wide  spectral  coverage  provided  by  the 
photographic  record  is  particularly  evident  here.  The  photograph  clearly  shows  two  regions  of 
cm  ited  state  absorption,  a  short  lived  transient  with  a  main  absorption  peak  at  ca.  450  11m  and 
absorption  extending  to  longer  wavelengths,  and  a  much  longer-lived  absorption  in  the  blue 
with  a  peak  at  about  I3n  tun.  Additional  studies  with  the  vidicon  enable  these  two  transient 
absorptions  to  he  spectrally  eharai  terized  and  amilnited  respectively  to  the  excited  singlet  8, 
state  and  the  triplet  T,  state  of  the  porphyrin.  Hroad-band  picosecond  spec  tra  suc  h  as  these  arc 
very  helpful  in  choosing  suitable  wavelengths  lor  subsequent  quantitative  kinetic  measure¬ 
ments. 

Although  the  photographic  method  is  of  great  value  for  survey  work,  it  is  not  the  most 
convenient  method  lor  detn  mining  precise  kinetic  data.  Therefore,  once  the  photographic 
spec  tra  reveal  the  best  wavelengths  to  monitor,  we  replace  the  camera  with  a  slit  and  use  photo- 
c’cc  trie  detn  lion,  normally  a  Princeton  Applied  Research  (PAR)  I2U5B  vidicon  tube  coupled 
to  a  “>no-c h.mncl  optical  multii  lianncl  analyzer  (o.m.a.).  We  then  monitor  only  a  single  narrow 
band  ol  wavelengths,  using  the  loan. a.;  to  obtain  an  intensity  profile  along  the  length  ol  the 
slit.  This  is  exactly  equivalent  to  a  densitometer  trace  taken  vertically  across  the  photographic 
spectrogram.  The  natural  logarithm  ol  the  ratio  of  the  measured  intensity  in  the  reference 
regions  averaged  over  the  portions  above  and  below;  to  that  in  the  central  exc  ited  region  gives 
the  absorbance  change  (  A/1 ;  due  to  the  transient  absorption  (or  bleaching).  Usually  four  or  five 
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absorption  regions  and  because,  at  the  laser  powers  used,  significant  depletion  of  the  ground 
state  is  common,  the  spectrum  obtained  must  he  considered  a  ‘difierenee  spectrum’  that 
represents  the  sum  of  the  changes  caused  liv  ground  state  depletion  and  production  of  the 
excited  state,  1  his  is  especially  true  of  photosvnthctie  systems  in  which  spectral  overlap  of  the 
various  constituents  pigments  and  associated  molecules  is  common.  By  tietailed  studies  it  is 
usually  possible  to  find  wavelengths  at  whit  h  kinetic  studies  ol  one  species  t  an  he  niatle  without 
interference  by  optical  changes  tine  to  another  spec  ies  (see  Roekley  el  at.  197c). 

Very  recently,  we  have  interlaced  our  picosecond  flash  photolysis  apparatus  to  a  dedicated 
microprocessor  (Molten  rial.  1979a;  Molten  iS;  Windsor  1980).  This  makes  it  possible  to  obtain 
picosecond  transient  spectra  over  a  spectral  range  of  3uo  11m  with  a  single  laser  shot.  It  also  provides 
the  advantage  of  computer  processing  oh  the  experimental  data.  All  of  the  experimental  results 
described  in  1  his  paper,  how  ever,  were  obtained  bv  the  more  laborious  point-hy-poin I  technique. 

3.  Backorchm)  on  pno  iosyntii  ksist 

In  green  plants,  sunlight  is  absorbed  bv  an  antenna  or  light-harvesting  system  comprising 
many  hundreds  ol' chlorophyll  molecules  complcxcd  to  protein  and  situated  in  a  lipid  bilayer 
membrane.  The  excitation  energy  of  electronically  excited  chlorophyll  is  rapidly  conveyed  by 
linn-radiative  mechanisms  in  times  that  range  lion)  in  ps  to  about  I  ns,  dependent  upon 
species,  to  a  special  chlorophyll  complex  that  at  ts  as  a  trap.  This  is  situated  in  a  reaction  centre 
RC  complcxcd  to  other  pigments  and  protein  and  to  an  electron  acceptor,  normally  a 
tpiinone.  W  ithin  the  RC.  charge  separation  takes  place,  the  spe<  ial  chlorophyll  complex  being 
oxidized  to  a  t  atioti  while  the  acceptor  ret  fives  ,111  electron  and  is  converted  to  an  anion.  In 
this  manner  the  energy  of  solar  photons,  transferred  from  the  antenna  to  the  RC  1  as  electronic 
mohvu’ar  excitation,  is  captured  within  the  RC.  as  chemical  potential.  In  green  plants  two 
coupled  photosystems,  t  ailed  PS  I  and  PS.1,  cooperate  to  produce  a  strong  oxidant  c  apable,  via 
an  as  yet  poorly  understood  series  of  reactions,  of  oxidizing  water  to  molecular  oxygen  and  a 
strong  redm  taut  capable  of  reducing  CO.,  to  simple  sugars  and  eventually  carbohydrate. 
Dew  libvd  in  another  way.  we  t  an  say  that  photosynthesis  removes  electrons  from  H2Q,  thus 
releasing  ( ).„  pumps  them  uphill  in  redox  potential  w  itli  the  aid  ol  two  boosts  from  solar  photons 
and  finallv  plates  them  on  C(  )2,  thus  allowing  it  to  pick  up  hydrogen  ions  and  be  converted  to  a 
simple  sugar.  On  a  scale  ol  redox  potential  this  is  illustrated  in  figure  3 a. 

Photosvmhetic  bacteria,  bkc  green  plants,  also  contain  an  antenna  system  that  harvests 
inc  ident  photons  and  transfers  the  exc  itation  to  an  RC.  but,  unlike  plants,  bacteria  employ 
onlv  a  single  photosystem  which  more-  closely  resembles  PS  I  in  plants  (figure  ‘Mi).  The  primary 
oxidant  has  a  potential  ol  about  -f-  u.4.'>  V.  Phis  is  insullicient  to  oxidize  water,  and  bacteria 
require  more  easily  oxitliz.able  substrates,  e  g.  sulphide,  succ  inate  or  thiosulphate.  The  primary 
reduc  taut,  as  in  plants,  is  coupled  to  the  synthesis  of  ATP  and  the  reduction  of  C02.  A  further 
advantage  of  photosynthctic  bacteria  is  that,  by  suitable  detergent  treatments,  RC  preparations 
free  ol  antenna  pigments  can  be  obtained  Clayton  197?).  ’lie  presence  of  a  single  photosystem 
and  the  availability  of  isolated  reaction  centres  have  made  bac  terial  RCs  the  preferred  choice  ol 
most  investigators  for  detailed  studies  of  the  process  of  primary  c  harge  separation.  'Pile  majority 
of  studies  have  been  made  on  RCs  of  two  spec  it  s.  lihodospeudomonas  sphaeroides  and  Rhodospeudo- 
muna.s  liridis,  although  other  species  such  as  R  rubrum,  ('.  r  inn  sum  and  C.  minutissimum  have  been 

t  See  lloliiii  &  Wincbor  (1978)  fora  inure  detailed  account. 
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used  on  oeeasion.  Reaction  centres  ul  A’,  spiuitrut  !,  t  contain  loin  molecules  ol  bactcrioc  Idoro- 
piiyll  (BCIil),  two  ol  the  magnesium-deficient  analogue,  liai  tei  lopli.ieophy  tin  BPIi],  one 
ubiquinone  ( UQJ,  one  non-haem  iron  atom  and  three  cl  diet  cut  proteins  in  .1  I  :  I  :  I  ratio  and  of 
relative  molecular  masses  ‘Juuou,  'JJnuu  and  liHouo  Clayton  njyt  lliese  lomponents  are 
packaged  in  a  lipitl  bilayer  membrane  with  the  primary  l  (.)  situated  at  or  near  the  membrane 
suriace  with  ready  access  to  the  aqueous  medium.  An  ‘  at  list's  com  epl ion  '  ol  a  possible  arrange¬ 
ment  is  shown  in  figure  4.  Reaction  centres  ol  R.  riridu  <  ontain  a  similar  i  omplement  ol  pigments 
and  proteins,  but  the  chlorophyll  absorption  bands  are  shilled  to  longer  wavelength.  The  major 
band  is  at  Ittio  mn  in  R.  viridis  compared  with  K7u  urn  in  R.  spharroidn.  RCs  of  R.  rindis  also 
retain  bound  cytochrome  ( whereas  R.  sphaauides  RCs  lose  their  cytochromes  during  the 
preparation  procedure.  This  is  au  advantage  lor  certain  picosec  ond  experiments,  as  will  be  seen 
later. 
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Fkji'rk  X-  (a)  Z-srhrnir  for  grr<*n  plain  photosynthesis;  lh  >  similar  scheme  lor  bacterial  photosynthesis. 


4.  Picosecond  sti  dies  oe  kuctron  transier  in  bacteriai 

REACTION  C  E N  I  R  E  S 

4.1.  Rhodopieudomonas  sphneumles 

In  RCs  of  R.  s  ihaemdes,  the  longest  wavelength  absorption  peak  lies  at  H7n  nm.  In  recognition 
of  this  the  unexcited  state  of  the  RC  is  often  characterized  as  l\,7ll  or,  more  simply,  P.  The 
absorption  spec  trum  also  displays  bands  near  a4(l  and  7iin  nm  attributable  to  BPh  and  bands 
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near  tiou  and  soil  nin  attributable  to  HCIil.  I  he  870  mil  hand  is  strongly  bleached  upon 
illumination  and  a  weaker  absorption  hand  characteristic  of  P  appears  in  the  region  of 
I  -  at !  nm.  Plus  1 2  at  t  nni  hand  ran  also  be  produced  by  oxidizing  the  RCs  either  chemically  with, 
lor  example,  potassium  ferric  yanid  ■,  or  clectroe  he  mic  ally.  The  tint)  nrn  hand  bleaches  to  a  lesser 
extent  than  the  870  nm  hand  and  the  son  nm  hand  undergoes  a  slight  blue  shift  to  7!ISnm. 
These  changes,  together  with  linear  and  cirt  ttlar  diehroism  measurements  and  c.s.r.  studies, 
lead  to  the  belief  that  two  of  the  four  BChl  molecules  form  a  closely  coupled  dimer  or ‘special 
pair’  and  that  it  is  this  species  that,  on  oxidation,  loses  an  electron  to  produce  the  primary 
oxidant  P' .  The  other  two  BChl  molecules  give  rise  to  a  component  of  the  SOU  nm  hand.  The 
•740  nm  hand  of  BPIt  can  be  resolved  at  77  R  into  two  components  at  532  and  544  nm,  suggest¬ 
ing  that  the  two  PBh  are  situated  in  different  environments  (Clayton  &  Yamamoto  1 976^ . 
See  llollen  iY  W  indsor  1  1  <>~S  1  lor  a  more  detailed  account. 


The  first  attempts  to  observe  transient  intermediates  in  photosynthetic  bacteria  used  RCs  of 
R.  sphaeroides  poised  at  an  artificially  loss  redox  potential  by  the  presence  ol  excess  sodium 
dithionite  (Parson  ft  al.  1975).  Lowering  the  redox  potential  in  this  manner,  by  reducing  the 
L'Q_ electron  acceptor  (often  also  denoted  by  X  ,  would  he  expected  to  frustrate  the  transfer  of 
an  electron  from  any  antecedent  intermediate,  tlius  increasing  its  lifetime.  Indeed,  with 
excitation  by  20  ns  laser  flashes  at  004  or  8,'it  nm,  the  above  authors  observed  the  immediate 
less  than  20  nsj  formation  of  a  spectroscopic  intermediate,  which  they  called  P1",  with  an 
exponential  decay  time  of  about  15  ns.  The  (piantum  yield  of  formation  ol  P1'  is  close  to  unity 
both  at  205  K  and  at  15  K,  As  P1  decays,  another  intermediate,  t  ailed  Pl:,  appears  which  has  a 
half-time  of  0  ps  at  205  R  and  120  ps  at  15  R.  At  205  R  its  quantum  yield  of  formation  is  low 
'O.l,  but  this  value  rises  to  unity  at  15  R .  The  spectrum  of  P”  suggests  that  it  is  the  triplet  state 
ol  the  BChl  dimer.  The  processes  described  above  are  summarized  in  scheme  I b\  of  figure  a. 
The  other  two  schemes  summarize  the  results  ol  picosecond  studies  shortly  to  be  described. 

The  rapid  formation  of  PK,  and  its  accumulation  in  high  yield  when  normal  photochemistry 
is  blocked,  suggested  that  it  might  be  an  intermediate  in  the  normal  electron  transfer  reaction. 
But,  then  again,  it  might  have  been  an  artefact  of  the  artificially  reducing  conditions  used  to 
facilitate  its  detection.  To  resolve  this  situation,  studies  of  RCs  under  normal  physiological 
conditions,  i.e.  with  the  acceptor  X  in  its  normal  unnditcril  state,  were  needed  Picosecond  laser 

I  131  | 


1 


342 


M.  W  WINDSOR  AND  D  H OFTEN 


studies  provided  the  improved  time  resolution,  Independent  results  from  two  lalxoratories 
(Kaufmann  et  al.  1975;  Rot  kley  et  al.  1 975  1  showed  that  in  RCs  ol  Kps.  sphaeroides  under  these 
conditions,  P*  could  be  spectroscopically  identified.  It  appeared  essentially  immediately  (less 
than  10  ps)  on  excitation  with  an  8  In  ps  laser  pulse,  and  exhibited  a  lifetime  of  about  200  ps. 
Kinetic  studies  showed  that  an  absorbance  decrease  at  010  nm  characteristic  of  P*  appeared 
with  the  same  time  constant  as  the  disappearance  of  P1, .  These  results  demonstrated  that  PK  was 
not  an  artefact  of  the  conditions  used  in  the  earlier  nanosecond  experiments,  but  was  indeed  a 
direct  intermediate  in  the  electron  transfer  reaction  that  culminates  in  the  oxidation  of  Pg70 
and  the  reduction  of  the  acceptor  X.  I  hey  also  showed  that  both  steps  in  the  two-stage  transfer 
of  the  electron  were  exceedingly  and  perhaps  unexpectedly  rapid. 
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Figure  5.  Scheme  of  early  events  in  bacterial  photosynthesis. 


Attention  now  centred  on  the  structural  identity  of  the  intermediate  Pl  .  Rockley  et  al.  (1975) 
compared  their  experimental  spectrum  with  the  sum  of  the  absorbance  changes  that  accompany 
the  conversion  of  free  BChl  either  to  its  cation  radical,  BChb  or  its  anion  radical  BChl--.  The 
calculated  spectrum  showed  a  fair  measure  of  agreement,  predicting  the  observed  bleaching  of 
bands  near  380  and  (500  nm  and  the  appearance  of  new  bands  near  420,  500  and  (550  nm,  but 
did  not  predict  the  observed  bleaching  of  the  BPh  bands.  Such  a  procedure  could  be  expected  to 
give  at  best  a  rough  approximation  because  it  neglects  interaction  effects  between  the  two 
molecules  that  form  the  biradical  and  also  takes  no  account  of  the  significant  shift  of  the  longest 
wavelength  band  of  BChl  from  770  nm  in  molecular  solution  to  870  nm  in  the  RC.  Nevertheless 
a  surprising  measure  of  agreement  could  be  seen,  as  is  show  n  in  figure  (i a  and  b.  Subsequently 
Fajer  et  al.  (1975)  were  able  to  obtain  even  better  agreement  by  using  a  simulated  spectrum 
composed  of  the  sum  of  the  absorbance  changes  that  accompany  chemical  oxidation  of  RC 
(  A^sjo)  and  the  reduction  of  BPh  to  BPli  ',  which  latter  species  had  just  been  produced  elcctro- 
chemically  and  spectroscopically  characterized  in  his  laboratory.  The  comparison  is  shown  in 
figure6c.  Further  picosecond  studies  by  Dutton  et  al.  (1975)  showed  that  the  125(>nm  absorption 
band  appeared  promptly  (less  than  10  ps)  upon  excitation,  rather  than  with  the  200  ps  risetime 
that  would  be  characteristic  of  its  formation  from  PC  This  led  to  the  conclusion  that  the  inter¬ 
mediate  PK  must  already  contain  the  dimer  cation  radical  P'  as  part  of  its  structure,  and  lent 
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further  support  to  the  assignment  of  Fajer  et  al.  Thus  it  is  now  believed  that  P*'  has  the  structure 
(BChl)t*"  BPh  X  and  that  the  electron  that  takes  up  temporary  residence  on  the  BPh  subse¬ 
quently  moves  to  X  in  a  time  of  about  200  ps.  These  events  are  summarized  in  scheme  (a)  of 
figure  5. 


wavelength/nm. 

Figure  6.  (a)  Absorbance  changes  accompanying  the  photochemical  formation  of  state  Pr.  (t)  Sum  of  absorbance 
changes  for  BChl*  and  BChi  made  electrochemically.  (c)  Comparison  of  laser-induced  optical  changes, 
AP1',  with  sum  of  changes  for  AP8,„  plus  ABPh~. 


Although  much  insight  has  been  gained,  the  picture  is  still  incomplete.  Why  has  Nature 
placed  a  second  BPh  and  two  additional  BChl  molecules  (the  so-called  P^o  chlorophylls)  in  the 
RC?  The  low-temperature  studies  of  BPh  mentioned  earlier  suggest  that  only  the  longer- 
wavelength  BPh  is  involved  in  the  formation  of  PK.  Studies  of  C.  vinosum  (Tiede  et  al.  1976a), 
R.  viridis  (Tiede  et  al.  19764)  and  C.  minutissimum  (Shuvalov  &  Klimov  1976)  also  support  this 
conclusion.  Perhaps  the  other  two  BChl  molecules  serve  to  ‘solvate’  one  of  the  BPh  molecules, 
as  we  have  hinted  in  figure  4,  thus  facilitating  the  passage  of  an  electron  from  (BChl)t,  or 
perhaps  they  help  delocalize  the  transferred  electron,  thus  hindering  the  back  transfer.  The 
first  two  of  the  above  three  studies  cited  also  found  partial  bleaching  at  800  and  595  nm, 
suggesting  involvement  of  the  P^  chlorophylls.  It  has  also  been  suggested  (Fajer  et  al.  1975) 
that  the  additional  pigment  molecules  may  have  a  role  in  coupling  a  part  of  the  apparent  energy 
losses  that  accompany  the  transfer  of  the  electron  to  structural  changes  in  the  membrane  that 
could,  via  Mitchell’s  chemiosmotic  theory,  be  usefully  harnessed  to  ATP  production. 

The  identification  of  the  acceptor  X  as  ubiquinone  (UQ_)  is  supported  by  experiments  by 
Kaufmann  et  al.  (1976)  showing  that  RCs  depleted  of  UQ_  behave  as  though  no  acceptor  is 
present.  The  state  P*'  lives  for  a  time  in  excess  of  I  ns.  Addition  of  UQ,  restores  the  normal 
200  ps  kinetics. 
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4.2.  Hhodopseudomori.is  viridis 

Since  the  RC  of  R.  vindis  retains  bound  cytochromes,  it  offered  the  intriguing  prospect  of 
artificially  prolonging  the  lifetime  of  the  excited  singlet  state  of  the  special  pair  P*  that  pre¬ 
sumably  must  precede  the  first  step  in  the  charge  separation.  The  rationale  was  to  place  RCs  of 
R.  viridis  not  only  at  low  redox  potential  to  keep  X  reduced  but  also  under  conditions  of 
continual  illumination  to  saturate  electron  transfer  and  maintain  I  fa  complex  involving  BPh) 


wavelength/nm 

Fira'RF.  7.  Difference  spectrum  accompanying  formation  of  the  excited  singlet  state,  P*.  of  RCs  of  R  viridis. 


also  in  the  reduced  state.  The  cytochromes  would  rereduce  P'  to  P,  leaving  the  system  in  the 
initial  state,  (BChl-BChl)-BPh  “X  ',or  more  simply  PI  “X  ~,  before  picosecond  excitation.  Upon 
excitation,  the  reduced  stateofboth  I  and  X  might  be  expected  to  frustrate  electron  transfer  from 
P*,  thus  holding  the  system  in  the  state  P*1  X-  for  longer  than  usual.  This  scheme  seems  to 
have  worked  and  we  have  observed,  under  these  conditions,  a  spectroscopic  intermediate  that 
lives  for  about  20  ps  (Holten  el  at.  1978a)  (see  figure  fie).  At  moderate  redox  potentials  (figure 
aa),  corresponding  to  physiological  conditions,  the  events  observed  closely  parallel  those  found 
in  R.  sphaeroides.  The  PK  state  is  formed  promptly  and  transfers  an  electron  to  X  in  about  230  ps. 
Netzel  el  al.  (1977)  found  a  prompt  (less  than  10  ps)  rise  of  the  1 310  nm  band  characteristic  of  P ' 
in  this  species,  in  good  agreement  with  our  results.  We  also  observe  an  additional  step  with 
35  ps  kinetics  at  800-810  nm.  At  low  redox  potential  (X  reduced  as  in  figure  5b),  P*  lives  for 
about  15  ns  and  decays,  in  part,  to  a  longer-lived  triplet  state. 

The  difference  spectrum  corresponding  to  the  conversion  of  P  to  P*  under  the  ‘super-reduced  ’ 
conditions  described  above  is  shown  in  figure  7.  The  dominant  feature  is  the  bleaching  of  the 
fltiO  nm  absorption  band.  Bleaching  is  present  at  850  nm  but  drops  to  zero  at  830  nm.  The 
former  band  is  characteristic  of  the  special  pair  and  the  latter  of  the  additional  bacteriochloro- 
pliylls.  These  two  bands  are  resolved  in  R.  viridis  but  overlap  in  the  800  nm  region  in  R. 
sphaeroides.  These  results  support  the  conclusion  that  the  primary  donor  in  the  RC  is  most 
likely  the  excited  singlet  state  P*  of  a  special  pair  of  closely  interacting  BChl  b  molecules.  How¬ 
ever,  interactions  with  the  other  two  BChl  b  molecules  are  not  excluded.  E.s.r.  and  Endor 
studies  (Fajer  el  al.  1977)  suggest  that  the  unpaired  electron  in  P‘  is  not  shared  equally  by  two 
identical  molecules  of  BChl,  as  appears  to  be  the  case  in  R.  sphaeroides.  The  spectral  evidence 
also  indicates  that  the  intermediate  acceptor  I  in  R.  viridis  involves  both  BChl  b  and  BPh  b  and 
that  it  is  the  BPh  h  component  that  is  reduced  when  electron  transfer  from  P*  lakes  place 
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4.3.  Additional  studies  on  Rts 

VVe  have  attempted  recently  to  elucidate  further  the  early  stages  of  the  charge  separation 
process  with  the  aid  of  mode-locked  continuous  wave  (c.w.)  dye  laser  equipment  <  apable  of 
subpicosccond  time  resolution  and  with  provision  lor  monitoring  over  a  wide  range  of  wave¬ 
length  with  the  use  of  a  subpicosecond  continuum  (Holten  et  al.  1980 1>).  These  new  results 
indicate  that  after  excitation  of  RCs  of  R.  sphaermdes  at  lilOnm  (a  wavelength  absorbed  pre¬ 
dominantly  by  the  primary  donor  (BCltl !,),  an  absorbance  increase  occurs  at  072  nm  (character¬ 
istic  of  PK)  with  a  risetime  of  4  ps  or  less.  Thus  the  electron  must  move  from  the  excited  state  of 
the  special  pair  P*  to  BPh  w  ithin  4  ps.  'l  itis  value  of  the  transfer  time  is  consistent  with  the  less 
than  lo  ps  result  obtained  in  the  single-pulse  laser  experiments.  An  opposing  view  is,  however, 
presented  by  recent  experiments  of  Shuvalov  et  al.  (1978)  on  RCs  of/?,  rubrum.  Using  a  25  ps 
pulse  ;ti  880  nm  tor  excitation,  they  reported  that  bleaching  occurs  at  800  nm  within  15  ps  of 
excitation,  whereas  no  prompt  bleaching  of  the  BPh  bands  is  observed.  The  800  11m  bleaching 
recovers  w  ith  a  lifetime  of  35  +  5  ps  and  is  accompanied  by  the  formation  of  BPh  _  as  shown  by 
bleaching  at  748  nm.  The  state  P  BPh"  subsequently  decays  in  250  +  50  ps.  From  these  results 
the  authors  conclude  that  the  electron  ‘appears  to  be  extracted  from  P  by  BChl-800  which 
gives  a  radical  anion,  BChl-800  '.  Transfer  of  the  electron  to  BPh  then  occurs  in  a  time  of 
about  35  ps'.  Our  own  studies,  while  not  ruling  out  the  participation  of  BChl-800  as  an  inter¬ 
mediary  electron  carrier,  indicate  that  any  such  involvement  must  take  place  on  a  time  scale 
not  greater  than  4ps,  since  transfer  to  BPh  to  form  the  radical  pair  P+BPh-  is  essentially 
complete  within  this  time.  Further  studies  with  the  shorter  (0.7ps)  pulses  provided  by  thc_ 
mode-locked  dye  laser  and  at  additional  exc  itation  wavelengths,  including  800 nm,  would  be 
helpful.  It  is  also  desirable  that  a  comprehensive  series  of  measurements  be  made  on  a  single 
species  of  bacterium.  Because  of  the  flexibility  of  making  measurements  under  normal,  reduced 
and  super-reduced  conditions  of  the  UQ  acceptor,  /?.  riridis  is  probably  the  best  choice  for 
such  studies. 


4.4.  Summon/  of  results  on  RCs 

The  finding  of  similar  transient  intermediates  with  similar  kinetics  in  several  species  of 
bac  teria  suggests  strongly  that  the  composition  and  struc  ture  of  the  bacterial  reaction  centre 
have  evolved  to  maximize  the  efficiency  of  the  primary  charge  separation  process.  Those  species 
that  have  been  subjected  to  detailed  study  seem  to  parallel  each  other  closely  with  regard  to  the 
composition  of  their  RCs.  We  propose  to  assume  that  the  component  pigments  and  proteins  in 
the  various  RCs  each  have  a  functional  rule  to  play  in  the  process  of  charge  separation.  In 
defence  of  this  we  argue  that  it  is  unlikely  that  ‘  unnecessary  baggage’  would  have  survived  more 
than  a  thousand  million  years  ol  natural  selec  tion.  Given  this  assumption,  we  believe  that 
further  insight  into  how  the  RC  functions  and  how  its  functioning  is  related  to  its  internal 
struc  ture  requires  studies  of  elec  tron  transfer  in  a  variety  of  model  systems  that  seek  either  to 
mimic  or  omit  various  features  present  in  the  RC. 

5.  Picosecond  studies  of  ki.f.ctron  transfer  in  modei.  systems 
We  have  shown  (Holten  et  al.  197b)  that  electron  transfer  from  bactcriophacophytin  (BPh) 
to  />-benzoquinone  (Q_)  in  molecular  solution  takes  place  predominantly  via  the  triplet  state  of 
the  donor.  Figure  8  shows  that  in  the  presenc  e  of  excess  methyl  iodide,  which  enhances  inter- 
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system  crossing  i.s.c.  in  BPh  by  the  heavy  atom  effect,  the  yield  of  the  donor  cation  radical 
BPh+  is  greatly  increased.  Estimates  of  the  half-cell  potentials  BPh4  '/BPh*  and  BPh+  /BPhT,  the 
energy  of  the  various  collision  complexes  and  the  energy  of  the  separated  ions  BPhi '  and  Q/ ' 
can  be  made  (Gouterman  &  Molten  1977)  and  used  to  explain  this  observation  (figure  9).  In 
brief,  we  believe  that  both  singlet  and  triplet  charge  transfer  complexes  (BPht  Q/')H  and 
(BPh*  Qf  )T  are  formed  from  their  respective  collision  complexes  in  less  than  5  ps,  but  that  the 

singlet  complex  suffers  reverse  charge  transfer  (BPh 1  Q~  )s - >(BPh  QJ  in  a  time  much  shorter 

than  that  needed  {ca.  230  ps)  for  the  ion  radicals  to  separate.  The  analogous  process  for  the 


0  I  2  .i 

delay/ ns 

Figures.  Enhancement  of  the  yield  of  the  cation  radical  BPh*  by  excess  methyl  iodide  in  the  charge  transfer 
quenching  of  BPh*  by />-beruoquinone,  o,  With  H  m  Mel;  •,  without  Mel. 


Bph  +  Q 

(a)  _  ^b)  _  (c) 


Figure  9.  Proposed  model  for  the  bacteriophaeophytin  (BPh),  40  mM  p-benzoquinone  (Q_)  and  8  m  methyl 
iodide  system,  showing  excited  states  and  kinetic  process.  Here,  kj  and  kt„  are  the  rale  constants  for  diffusion 
and  intersystem  crossing.  The  symbols  S-CT  and  T-CT  refer  to  singlet  and  triplet  charge  transfer  complexes, 
respectively,  (a)  Processes  slow  because  bimolccular  or  spin  forbidden;  (A)  very  fast  spin  allowed  processes; 
(e)  slower  spin  allowed  processes 
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triplet  complex  is  spin  forbidden  so  that,  in  the  triplet  case,  ion  separation  competes  favourably 
with  quenching.  Similar  experiments  in  which  benzoquinone  is  replaced  by  methyl  viologen 
(MV2')  or  by  m-dinitrobenzene  (m-DNB)  give  results  that  support  the  above  model.  For  both 
these  systems,  formation  of  the  radical  ions  is  energetically  possible  only  from  the  excited 
singlet  state  BPh*  and  not  from  the  triplet  BPh'1'.  For  m-DNB,  BPh*  is  quenched  but  BPh' '  is 
not  detectable.  For  MV2'  the  quantum  yield  of  BPh' '  is  reduced  to  about  10%.  Were  it  not 
for  Coulombic  repulsion  assisting  the  separation  of  the  radical  ions  BPh'  '  and  MV'  in  this 
case,  the  yield  would  doubtless  be  much  lower. 


(i.  Theoretical  implications  for  ciiarof.  separation  in  photosynthesis 
If  cflicient  charge  separation  in  the  molecular  systems  discussed  above  can  occur  only  via  the 
triplet  state  of  the  electron  donor,  how  can  efficient  electron  transfer  in  the  photosynthetic 
system  proceed  via  the  excited  singlet  state  of  the  primary  donor?  Furthermore,  an  important 
difference  between  RCs  and  molecular  solutions  is  that  in  the  former  the  donor  and  acceptor 
are  constrained  by  their  association  with  other  pigment  molecules,  e.g.  the  P^q  BChls  and  with 
protein.  The  radical  ions  are  not  free  to  move  apart  as  they  are  in  solution.  This  means  that 
discrimination  against  reverse  electron  transfer  from  BPh  '  to  (BChl)2+ '  must  be  even  more 
effective  in  the  RC.  To  account  for  the  observed  loti 0  0  quantum  yield  of  the  charge  separation 
process,  it  must  be  assumed  that  this  back  reaction  is  about  100  times  slower  than  the  next 
forward  step  that  transfers  the  electron  from  BP1C  to  UCL  Since  the  latter  takes  about  200  ps, 
the  back  electron  transfer  from  BPh  '  in  the  RC  1  must  take  20  ns  or  longer.  This  reverse  transfer 
is  close  to  Hi4  times  slower  than  the  forward  step  (ca.  4  ps)  from  (BChl)2  to  BPh. 

A  possible  explanation,  based  on  our  model  system  studies  (Holten  et  al.  1978/1,  c )  rests  on  the 
size  of  the  molecule  that  luncions  as  the  initial  electron  acceptor.  A  comparatively  small 
molecule,  such  as  the  benzoquinone  used  in  our  quenching  studies  of  BPh  in  solution,  would 
undergo  a  significant  shape  change  on  formation  of  the  charge  transfer  complex  BPh'Q-. 
Good  Franck-Condon  overlap  of  the  vibrational  wavcfunctions  between  the  singlet  charge 
transfer  state  and  the  ground  state  facilitates  fast  internal  conversion  of  the  approximately  1  eV 
of  electronic  energy  separating  the  two  states  into  vibrational  degrees  offreedom  (see  figure  10). 
Thus  the  charge  transfer  complex  formed  from  the  excited  singlet  state  of  the  electron  donor  is 
deactivated  before  separation  of  the  charged  radical  ions  can  take  place.  The  same  situation 
would  apply  in  the  photosynthetic  RG  were  it  not  that  Nature  has  contrived  to  place  a  compara¬ 
tively  large  molecule,  BPh,  as  an  intermediate  electron  acceptor  between  the  primary  donor  and 
the  eventual  small  molecule  ubiquinone  acceptor.  X-ray  crystallographic  data  on  some 
porphyrins  and  recent  resonance  Raman  measurements  on  BChl  and  BPh  indicate  that 
addition  or  removal  of  an  electron  from  these  comparatively  large  molecules  causes  only  quite 
small  changes  in  bond  length  and  bond  angles.  The  corresponding  Franck-Condon  factors  are 
small  (figure  10),  and  the  back  reaction  is  effectively  inhibited.  The  second  forward  step  takes 
the  electron  in  about  200  ps  from  BPh  to  UQ_.  A  significant  shape  change  is  expected  for  the 
conversion  of  UQto  UQf.  However,  although  the  Franck-Condon  factors  are  favourable,  the 
back  conversion  of  (BChl)2'BPh  UQf  to  the  (BChl)2BPh  UQground  state  of  the  RC  complex 
wotdd  involve  the  movement  over  a  considerable  distance  of  the  electron  back  through  the  BPh 
to  the  (BChl)2.  Thus  at  this  juncture  physical  separation  of  donor  and  acceptor  supervenes  to 
inhibit  the  back  transfer. 
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The  alxjve  model  is  speculative.  Nevertheless  it  is  v  aluable  as  a  working  hypothesis  because  it 
immediately  suggests  further  experiments,  the  outcome  of  u  Inch  may  either  disprove  or  modify 
the  model.  Of  especial  value  would  lie  studies  ol  the  quenching  of  BCIil  and  synthetic  BClil 
dimers  in  solution  by  acceptors  ol  vary  ing  size.  We  plan  to  carry  out  such  experiments  when  our 
instrumental  developments  make  av  ailable  suitable  excitation  wavelengths.  An  important  step 
in  this  direction  is  the  recent  obsetvation  by  I’ellin  el  td.  (  tyyt)'  of  a  last  (less  than  <i  ps)  high 
quantum  yield  electron  transfer  process  in  a  model  complex  formed  bv  covalently  linking  two 
molecules  ol  pyrochlorophyll  a  with  a  piimarv  alcohol  derivative  ol  phaeophytin  a. 


poor  overlap  good  overlap 

Fiisckk  In.  Franck  Condon  diagrams  loi  'mail  shape  changes  (poor  overlap!  and  large  shape  changes 

good  overlap 1 . 

The  above  model  does  not  ac  count  lor  the  extremely  high  speed  (ca.  4  ps)  of  the  initial 
electron  transfer  step  from  1  BChl  ,  to  BPh.  favourable  rt-orbital  overlap  between  the  (BChl)2 
and  ejne  ol  the  BPh,  assisted  by  a  preferred  mutual  orientation,  perhaps  induced  by  the  proteins 
to  which  the  pigments  are  t  implexcd,  may  be  responsible.  It  can  be  argued  that  the  high  speed 
ol  this  step  probably  evolved  as  a  means  of  preventing  the  excitation  from  ‘hopping  back’  into 
the  antenna  system.  Kflieient  trapping  of  antenna  excitation  by  the  reaction  centres  requires 
rapid  transfer,  but  this  must  be  backed  up  by  very  fast  initial  charge  separation  to  prevent  back 
transfer. 

In  conclusion,  it  appears  that  in  the  bacterial  reaction  centre  Nature  has  evolved  an  extremely 
efficient  device  lor  converting  the  energy  of  molecular  electronic  excitation  into  chemical 
potential  via  a  multi-stage  process  ol  c  barge  separation.  This  process  relies  on  a  very  fast  initial 
step  and  the'  indirect  transfer  ol  an  elec  Iron  to  a  desired  acceptor  via  one  or  more  intermediate 
sites,  logelher,  these  allow  the  transfer  ol  an  electron  from  a  baetcrioc  hlorophyll  dimer  to  a 
ubiquinone  ac  ceptor  without  the  last  back  reactions  that  greatlv  reduce  the  efficiency  in  corre¬ 
sponding  in  lilrn  systems. 
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no.  DAA  G21l-7(i-!M>27.7.  M.W.W.  is  grateful  to  Sir  George  Porter  for  hospitality  and  facilities 
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Time-resolved  absorption  measurements  of  ground-state  recovery  and  excited-state  absorption  are  reported  for  several 
triphenylmethane  dyes  in  solutions  of  different  viscosity.  A  kinetic  model  is  proposed  to  explain  the  results  of  these  and 
earlier  measurements. 


1.  Introduction 

The  viscosity-dependent  relaxation  of  photoexcited 
triphenylmethane  (TPM)  dyes  (fig.  1 )  has  been  studied 
in  several  ways.  Fluorescence  quantum  yield  O  measure¬ 
ments  [I -3 1  and  direct  kinetic  measurements  using 
picosecond  spectioscopic  techniques  [4  -8]  indicate 
that  increased  solvent  viscosity  results  in  decreased 
rates  of  electronic  relaxation.  Forster  and  Hoffmann 
(FH)  [1 1  proposed  a  model  of  this  viscosity  depen¬ 
dence  which  predicts  the  O  «  r\2^  relationship  found 
in  some  measurements  of  O  [1,3,8].  According  to  this 
model,  the  photoexcited  molecule  undergoes  a  change 
in  conformation  to  a  new  structure  characterized  by 
enhanced  rates  of  non-radiative  decay.  The  important 
conformational  change  is  assumed  to  be  synchronous 
rotation  of  the  phenyl  rings  about  the  bond  between 
the  ring  and  central  carbon  atoms  (see  fig.  I ).  The  rota¬ 
tion  is  driven  by  steric  repulsion  between  adjacent  ring 
orthohydrogen  atoms  and  is  hindered  by  viscous  drag 
introduced  by  the  solvent  molecules.  Increased  viscos¬ 
ity  slows  the  rate  of  ring  rotation  and  lengthens  the 
time  interval  between  excitation  and  the  achievement 
of  those  conformations  that  give  rise  to  fast  non-radia- 
tive  decay.  In  solvents  of  low  viscosity,  these  conforma¬ 
tions  are  reached  more  rapidly  and  fluorescence  is 
quenched  by  the  faster  radiationless  paths  of  relaxation. 
Although  the  FH  model  predicts  the  observed  O 
r relationship,  the  time  dependence  of  excited- 
state  relaxation  of  exp (-af 3 )  also  predicted  by  this 


Fig.  1.  The  triphenylmeihane  dyes  crystal  violet  CV  (R 
=  N(CH3)2,  R’  =  H],  ethyl  violet  EV  |R  =  N(C2H5)2,  R'  =  HI, 
parafuchsin  PF  (R  -  NH2,  R’  =  H),  and  the  trimethyl  crystal 
violet  derivative  TCV  [R  =  N(CH3)2 ,  R'  =CH3).The  arrow 
indicates  the  ring  rotation  specified  by  the  Forster-Hoffmann 
model. 


model  has  not  been  observed. 

Magdeand  Windsor  [4]  measured  the  recovery  of 
ground-state  absorption  of  crystal  violet  (CV)  follow¬ 
ing  picosecond  excitation.  The  data  did  not  distinguish 
between  several  possible  functional  descriptions  of  the 
recovery.  They  concluded,  however,  that  internal  con¬ 
version  is  the  dominant  non-radiative  mechanism.  Ippen 
et  al.  [6]  measured  ground-state  recovery  (GSR)  of 
malachite  green  and  found  it  to  be  a  single  exponential 
for  rj  <  1  poise.  For  17  >  1  poise  the  recovery  was  de¬ 
scribed  as  a  double  exponential.  Yu  et  al.  [7]  moni¬ 
tored  malachite  green  fluorescence  and  found  it  to 
decay  as  a  single  exponential.  Hirsch  and  Mahr  [8]  also 
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studied  malachite  green  emission  and  ilmractcitzed  it 
as  a  double-exponential  decay  I  he  lifetimes  of  the 
faster  decays  of  Mirsch  and  Main  agiee  with  the  life¬ 
times  nt  Y  u  et  al  and  the  slower  component  of  (ISR 
measured  by  lppen  et  al 

Despite  the  several  studies  teferred  to  above,  a  de¬ 
scription  of  the  viscosity  dependence  has  not  yet  been 
proposed  which  reconciles  all  the  kinetic  and  quantum 
yield  measurements.  The  role  of  viscosity  in  the  pico¬ 
second  relaxation  kinetics  of  TPM  dyes  has  been  of  in¬ 
terest  to  this  laboratory  for  several  sears  (4.5).  We 
present  here  a  more  detailed  investigation  of  these  vis¬ 
cosity  effects. 


2.  Experimental 

Tlte  dyes  used  in  this  study  are  shown  in  fig.  1 . 
Crystal  violet  (Baker  Chemical)  used  in  the  majority 
of  experiments  was  purified  via  the  leuco  base.  Ethyl 
violet  (Eastman)  and  parafuchstn  (  fridom  I'luka)  were 
purified  by  column  chromatography  since  smaller 
amounts  of  these  dyes  were  needed.  The  trnnethyl 
derivative  of  CV  was  prepared  and  purified  according 
to  the  literature  (4|  All  dyes  were  in  the  form  of  the 
chloride  salt.  Solvents  of  the  desttcd  viscosity  were 
prepared  by  mixing  deioni/ed  water,  reagent-grade 
glycerol  and  glucose  in  various  proportions.  The  vis¬ 
cosities  of  all  dye  solutions  were  directly  measured. 
Unless  otherwise  specified,  all  measurements  were  made 
on  6  X  10"5  molar  solutions  at  25°C. 

The  picosecond  flash  photolysis  apparatus  used  in 
this  study  is  described  elsewhere  1 1 0 1 .  It  is  based  upon 
a  single-pulsc-selccted,  mode-locked  Nd  :  glass  laser.  A 
single  amplified  picosecond  pulse  at  t fie  laser  fundamen¬ 
tal  (1060  nm)  is  5  10  ps  in  duiation  and  has  an  energy 
of  about  15  tnJ.  Frequency  doubling  produces  a  5  JO  nm 
excitation  (pump)  pulse  of  about  2  in J .  The  remaining 
13  mJ  of  1060  nm  radiation  is  focused  into  a  cell  of 
CCI4  to  generate  a  spectrally  broad  (400-  400  nm) 
picosecond  probe  pulse  of  weak  intensity.  The  probe 
light  transmitted  by  the  sample  is  analyzed  by  a  a  111 
Jarrell- Ash  spectrometer  and  detected  on  an  optical 
multichannel  analyzer  (Princeton  Applied  Rescarcl 
The  geometry  of  the  pump  and  probe  pulses  at  the 
sample  [10|  permits  measurements  of  the  difference 
in  optical  density  (AOD)  between  excited  and  unex¬ 
cited  regions  of  the  sample.  Each  laser  firing  produces 


a  single  measurement  of  AO!)  at  a  specific  wavelength 
and  delay 

The  excitation  and  probing  laser  pulses  were  imaged 
onto  a  small  volume  of  the  dye  solution  contained 
within  a  J  nun  path  length  spectrometer  cell.  Following 
each  laser  firing,  the  contents  of  the  cell  were  replaced 
by  a  fresh  dye  solution.  The  temperature  of  the  sample 
region  was  carefully  controlled  to  prevent  fluctuations 
in  viscosity  due  to  thermal  effects.  This  was  especially 
critical  for  the  more  viscous  solutions.  The  hygroscopic 
nature  of  glycerol  made  it  necessary  to  shield  the  dye 
solutions  from  the  atmosphere.  The  viscosity  of  the 
glycerol  solutions  is  very  sensitive  to  water  contamina¬ 
tion. 

The  intensities  of  the  pump  and  probe  pulses  vary 
with  each  laser  firing.  Variations  in  probe  intensity  do 
not  affect  a  measurement  of  AOD.  Fluctuations  in  ex¬ 
citation  power  occur,  and  do  cause  changes  in  AOD. 
buth  these  are  minimized  by  using  sufficient  power  to 
saturate  the  sample.  The  effect  of  saturating  the  CV 
sample  is  shown  in  fig.  2.  The  changes  m  AOD  due  to 
variations  in  excitation  power  are  small  when  10055-  of 
the  power  is  used.  Each  data  point  of  a  spectrum  or 
kinetic  curve  in  this  study  represents  the  average  of 
usually  six  separate  AOD  measurements.  The  total 
length  of  the  precision  bars  equals  twice  the  standard 
deviation  of  the  AOD  values  used  to  compute  the  aver¬ 
age. 

Experiments  in  which  the  relative  polarizations  of 
the  excitation  and  probe  pulses  were  adjusted  either 
to  accent  or  to  mask  the  effects  of  molecular  reorienta¬ 
tion  yielded  similar  results.  Thus  our  measurements 
were  apparently  not  affected  by  orientational  relaxa¬ 
tion  of  the  entire  molecule  following  photoexcitation 
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Undoubtedly  this  is  a  result  of  the  high  solvent  viscos¬ 
ities  we  have  used  which  cause  overall  rotational  mo¬ 
tions  to  he  very  much  slower  than  the  processes  we 
have  studied. 

3.  Results 

Optical  density  difference  spectra  of  CV  over  the 
range  380-900  nm  at  time  delays  of  +20,  +80  and 
+2730  ps  are  shown  in  fig.  3.  To  obtain  data  in  the 
380  450  nm  region  the  picosecond  apparatus  was 
modified  to  permit  generation  of  the  probe  pulse  by 
the  530  nm  excitation  pulse.  The  continuum  produced 
in  this  way  has  significantly  greater  intensity  in  the  blue 
region  than  the  1060  nm  generated  continuum.  The 
effects  of  dispersion  in  the  arrival  time  of  the  probe 
pulse  at  the  sample  have  not  heen  removed  from  these 
spectra.  Calculation  and  experience  indicate  that,  over 
the  spectral  region  considered  here,  the  difference  in 
arrival  times  between  the  red  and  blue  probe  light  is,  at 
most.  20  ps.  Such  dispersion  has  no  effect  on  the  kinet¬ 
ic  data  since  these  are  taken  within  a  narrowly  defined 
wavelength  band.  The  delays  of  +20,  +80,  and  +2730 
ps  were  established  at  595  nm,  the  peak  of  CV  absorp¬ 
tion. 

Three  distinct  regions  arc  evident  in  the  +20  and  +80 
ps  spectra:  (500-630  nm)  ground-state  bleaching; 
(380-500  nm)  excited-state  absorption  (ESA),  and 
(630  860  nm)  stimulated  emission.  The  presence  of 
stimulated  emission  is  indicated  by  apparent  bleaching 
in  a  region  of  no  ground-state  absorption,  )n  the  630- 


860  nm  region  the  weak  probe  pulse  is  amplified  in 
ihe  excited  region  of  the  sample.  Experiments  in  which 
stimulated  emission  was  suppressed  by  filters  in  the 
probe  beam  before  the  sample,  indicate  that  it  has  no 
effect  upon  the  kinetics  monitored  at  other  wavelengths 
This  can  be  attributed  to  the  weak  intensity  of  the 
probe  pulse. 

In  the  event  that  a  single  type  of  excited  molecule 
is  produced  by  excitation,  the  spectra  of  fig.  3  can  be 
used  to  find  its  spectrum,  e'(X).  at  one  of  the  delay 
times.  The  AOD  produced  in  a  sample  of  thickness  /  is 

AOD(/.  X)  =  le'(X)  -  eg(X))C'(f)/ .  (1) 

Mere  C'(r).  e'(X)  and  eg(X)  arc  the  concentration  of 
the  excited  molecules,  and  the  extinction  coefficients 
of  the  excited-  and  ground-state  molecules.  If  a  wave¬ 
length  X  exists  for  which  e  >  e' .  then  at  X, 

AOD  (t,\)*-eg(l)C'(t)l,  (2) 

which  permits  calculation  of  C'(t).  This  value  of 
C'(r)  can  then  be  used  in  eq.  (1)  to  find  e'(X)  since 
eg(X)  is  known.  We  have  applied  this  procedure  at  X 
=  595  nm  to  the  difference  spectra  to  obtain  e’(X)  at 
+20  ps  and  +80  ps.  Comparison  of  the  excited-state 
spectra  in  fig.  4  indicates  that  over  a  time  interval  of 
60  ps  an  increase  of  about  15 T  occurs  in  the  blue  ab¬ 
sorption.  Detailed  measurements  show  that  the  excited- 
state  extinction  coefficient  docs  increase  with  lime  in  the 
region  of  430  nm.  This  could  be  interpreted  either  as 
the  formation  of  a  small  amount  of  triplet  [4]  or  as  an 
actual  change  in  the  value  of  e'( X)  with  time.  In  the 
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Fig.  4.  Spectra  of  the  excited  state  of  crystal  violei  obtained 
by  applying  eqs.  (1)  and  (2)  to  the  difference  spectra  of  fig. 
3:  (o)  +  20  ps;  (a)  +  80  ps. 
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most  viscous  solutions  (r;  >  INO  poise),  a  small  petccn- 
tage  of  the  excited  dye  molecules  is  converted  lo  a  long 
lived  species,  possible  the  triplet  This  is  shown  by  the 
residual  AOD  at  505  nrn  at  a  delay  of  4.8  ns,  which  cor¬ 
responds  to  about  10' :  of  the  initially  excited  popula¬ 
tion.  In  the  least  viscous  solution  (r;  =  0.8b  poise)  there 
is  no  evidence  at  any  wavelength  of  the  presence  of  the 
longhved  species  at  4.8  ns.  The  complete  (within  our 
experimental  precision)  decay  of  the  absorption  at  440 
uni  by  2.7  ns  in  glycetol  (fig.  4)  favors  the  interpreta¬ 
tion  that  c’(  M  increases  w  ith  tune. 

The  5  10  ps  pulses  of  our  laser  limit  kinetic  studies 
to  solvents  with  viscosities  in  excess  of  0.7  poise  (t.e.. 
relaxation  times  >40  ps).  The  viscosity  dependence  of 
ground-state  repopulatiort  (GSR)  of  (  V  was  monitored 
at  5b4.  5SK  and  b)0  nm  The  results  of  some  measure¬ 
ments  at  5b4  inn  are  presented  m  fig.  5.  vo  significant 
differences  were  observed  between  GSR  rates  moni¬ 
tored  at  the  three  wavelengths.  This  is  corroborated  by 
the  difference  spectra  of  tig.  4  which  show  that  the  de¬ 
cay  of  bleaching  proceeds  uniformly  over  the  500 
540  mil  region.  Ground-state  recovery  ol'CV  in  cyclo- 
hexanol  (0.8b  poise  at  I  hJC)  and  of  CV  in  a  glycerol 
water  solution  of  the  same  viscosity  was  similar.  This 
supports  the  idea  that  viscosity ,  lather  than  another 
solvent  property,  is  the  continuing  factor  in  the  relaxa¬ 
tion  process  The  agreement  between  the  experiments 
of  f  it  1 1  |  and  Brey  et  al.  |4|  in  which  viscosity  was 
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l  ie.  5  Recovery  of  ground-state  absorption  in  crystal  violet. 
Solvent*  m*.  (  ),  40r'  glucose, b(V  glvccml  irj  r  ISO  poise), 
t  ).  20r-  gliicose'80^  glycerol  c t>  -  40  poise);  (  ).  glycerol 
It }  ;  8  poise);  <•),  86.5'"  glycerol!  3.5' '  11*0  ( rj  -  1 1.8  poise). 
In  both  figs.  $  ind  b  the  residual  opitc.il  density  difference  at 
4.8  ns.  AOI)( "•).  has  been  subtracted  from  measured  AOI)  val¬ 
ues  to  obtain  the  data  shown  here.  The  precision  ot  the  points 
without  precision  bars  is  less  than  or  equal  to  the  si/e  of  the 
punt 
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F  ig.  6.  Recovery  of  ground-state  absorption  in  ethyl  violet 
(").  crystal  violet  <  ).  and  parafuchsin  (  ). 

varied  by  changing  solvent  composition  and  by  the  ap¬ 
plication  of  high  pressinos.  respectively,  also  supports 
this  idea. 

The  time  dependence  nf  crystal  violet  F.SA  w  as  mo¬ 
nitored  at  440  tint.  The  decay  curves  were  similar  to 
those  for  GSR  in  solutions  of  corresponding  viscosity. 
The  time  dependence  of  probe  pulse  amplification  due 
to  stimulated  emission  was  observed  at  several  wave¬ 
lengths  in  the  b40  8b0  mil  region.  If  the  reverse  ab¬ 
sorptive  transition  does  not  occur,  this  method  can  be 
used  to  monitoi  the  excited-state  population.  These 
measurements  gave  relaxation  rates  similar  to  those  ob¬ 
tained  in  the  GSR  studies. 

The  recovery  of  ground-state  absorption  following 
photoexcitation  was  also  monitored  in  glycerol  solu¬ 
tions  of  ethyl  violet,  parafuchsin.  and  the  trimethyl 
crystal  violet  derivative.  The  results  arc  in  fig.  6.  The 
GSR  curves  for  crystal  violet  and  the  trimethyl  com¬ 
pound  were  identical 

4.  Discussion 

The  decay  curves  in  tig.  b  support  the  idea  that  elec¬ 
tronic  relaxation  of  TI’M  dy  es  is  affected  by  a  confor¬ 
mation  change  hindered  by  viscous  drag.  The  rates  of 
relaxation  decrease  is  the  same  older  as  the  st/e  of  the 
phenyl  ring  para-substituent  increases,  t.e.,  I’F.  CV.  TV. 
Tilts  suggests  a  direct  connection  between  viscosity  and 
rates  of  relaxation.  I lowever.  the  similarity  of  the  GSR 
curves  for  TCV  and  CV  appears  to  refute  this  suggestion 
To  investigate  litis  we  examined  the  structure  of  each 
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dye  with  space  filling  molecular  models.  The  models 
indicate  that  the  orthomethyls  of'TCV  would  not  pene¬ 
trate  the  surrounding  solvent  environment  to  the  de¬ 
gree  characteristic  of  the  para-substituents.  Hence  the 
viscous  diag  introduced  by  the  orthomethyls  would 
not  be  as  great  as  that  due  to  large  para-groups.  It  fol¬ 
lows  that  their  effect  upon  relaxation  would  not  be  as 
great  as  that  due  to  large  para-groups.  It  follows  that 
their  effect  upon  relaxation  would  not  be  as  significant. 

The  GSR  curves  of  figs.  5  and  6  indicate  a  complex 
relaxation  mechanism.  Ippen  et  al.  |h|  as  well  as  Hirsch 
and  Mali:  [8)  fitted  similar  curves  to  a  double-exponen¬ 
tial  function.  We  have  noticed,  however,  that  a  sum  of 
many  decaying  exponentials 

/  =  Zy.V(0.  A,)  exp(  A,/)  (3) 

i 

can  fit  our  GSR  and  I  SA  curves,  function  i  describes 
the  decay  of  a  collection  of  excited  molecules  giouped 
according  to  the  decay  rate  kr  The  coefficient  ,V(0.  A,) 
is  a  constant  and  represents  the  number  of  molecules 
associated  with  rate  A,  at  time  zero.  If  the  V((),  A,)  are 
equal  and  the  distribution  of  decay  rales  between  a 
minimum  (A,  )  and  a  maximum  (As)  value  is  uniform 
eq.  (.'I  can  be  integrated  to  give 

f  rx  [exp I  -  A j z )  exp(-Av)!  t  (4 1 

Although  this  expression  represents  a  sum  of  many 
equally  weighted  decay  ing  exponentials  it  is  possible, 
using  phy  sically  reasonable  values  of  Aq  and  As.  to  du¬ 
plicate  c  double-exponential  function  quite  well. 

A  confoimatioiial  analysis  of  TPM  dyes  [II]  indicates 
they  may  represent  a  sy  stem  described  appropriately  by 
eq.  Id).  The  analysts  shows  ( 1  )  the  ground-state  poten¬ 
tial  surface  is  shallow  with  respect  to  asy  nchronous 
variation  in  the  pheny  l  ring  angles,  and  (2)  the  etieigy 
gap  between  the  states  S(l  and  S(  narrows  with  ring 
angle.  Point  ( 1  )  would  permit  a  wide  distribution  of 
ground-state  conformations.  Point  (2)  would  allow  the 
decay  rate  A,  to  vary  with  conformation,  since  rates  of 
internal  conversion  are  stro:  :  -pendent  upon  the 

Sfl  —  S|  energy  gap.  The  qua-  :  y  ield.  kinetic,  and 
conformational  data  suggest  the  following  model  of  the 
visioishy  dependence. 

Photoexcitation  leads  to  a  replication  of  the  ground- 
state  conformation  distribution  in  the  excited  slate  S| . 

In  high  viscosity  solvents  the  confmiiia  ions  are  fixed 
and  the  decay  of  the  excited-state  population  is  described 


by  eq.  (3).  Both  fast  (radiationless)  and  slow  (lumines¬ 
cent)  relaxation  processes  are  important.  As  viscosity  is 
reduced  the  possibility  of  a  conformational  change  in 
the  excited  molecules  prior  to  relaxation  is  increased. 
Excited  molecules  with  decay  rates  near  A]  have  a  finite 
probability  of  acquiring  a  new  conformation  character¬ 
istic  of  the  faster  rates  near  As.  This  probability  is  re¬ 
lated  to  the  solvent  viscosity .  The  observed  increase  in 
the  excited-state  extinction  coefficient  at  430  mu  is 
consistent  with  a  change  in  the  molecular  conforma¬ 
tion  of  the  excited  state.  Reduced  viscosity  then  leads 
to  a  channeling  of  excited  molecules  into  the  faster  noil- 
radiative  pathways  of  decay  .  Consequently  the  slower 
radiative  processes  are  quenched. 

The  accumulated  kinetic  dau  can  be  understood  in 
terms  of  this  model .  As  viscosity  is  decreased  only  the 
fastest -decaying  exponentials  ot  eq.  (3  )  remain  impor¬ 
tant  and  in  very  fluid  solutions  eq.  <3l  may  i educe  to 
only  a  lew  exponential  terms  This  would  explain  the 
observation  of  Ippen  et  al.  |b|  that  the  description  of 
(iSR  changes  from  a  double  exponential  decay  (oi.  js 
we  suggest,  a  multiphasic  decay  )  to  a  single  exponential 
as  viscosity  is  reduced.  Luminescence  is  described  by 
the  slower  (radiative)  components  of  eq.  (3 ).  This  ex¬ 
plains  why  the  faster  component  of  luminescence  noted 
by  Hirsch  and  Malir  [8)  agrees  with  the  slower  compo¬ 
nent  of  GSR  measured  by  Ippen  et  al.  On  the  other 
hand,  the  fast  component  of  GSR  is  largely  the  lestilt 
of  radiationless  decay  of  those  molecule-  excited  initial¬ 
ly  with  large  A,  values. 

The  above  discussion  show s  that .  on  a  semi-quanti¬ 
tative  level,  our  model  can  desciihe  the  main  features 
o!  electronic  relaxation  m  trinhcny Imethaiic  dyes.  To 
test  the  model  further,  we  have  examined  m  some  de¬ 
tail  the  effects  of  changing  the  angle  between  the  phe¬ 
nyl  rings  and  the  molecular  plane.  In  this  studv .  based 
upon  a  conformational  analy  sis  that  includes  molecular 
orbital  calculations  as  a  function  o!  ring  angle,  we  used 
numerical  methods  to  solve  a  modified  Eokkei  I'lamk 
differential  equation.  With  this  mode!  we  have  been  able 
to  generate  curves  that  show  the  same  viscosity  depen¬ 
dence  as  the  experimental  kinetic  data.  Theie  is  icason 
to  believe  that  the  model  may  also  be  able  to  account 
for  the  O  rj-  ■'  relationship.  A  detailed  account  of  this 
work  is  m  preparation  a -id  will  be  presented  elsewhere 
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Introduction 


The  primary  energy  storage  reactions  in  photosynthesis  are  light-driven 
charge  separation  processes  that  take  place  within  special  pigment-protein 
complexes  called  reaction  centers.  In  reaction  centers  isolatec  from 
photosynthetic  Bacteria,  it  appears  that  electron  transfer  occurs  from  the 
lowest  excited  singlet  state  (P*)  of  a  Pacteriocnlorophy 1 1  dimer  to  a  cui- 
none  by  way  of  a  molecule  of  bacteriopheophytin  (BPh).  Althougn  the  ini¬ 
tial  electron  transfer  from  P*  to  SPh  occurs  within  4  ps  of  excitation  Dy  a 
short  pulse  of  light  (1),  the  reverse  electron  transfer  step  that  returns 
the  Molecules  to  the  ground  state  is  more  than  1000  times  slower  (2).  This 
gives  ample  time  for  the  electron  to  move  from  BPh-  to  the  quinone,  which 
takes  about  200  ps  (3,4).  Both  of  the  forward  electron  transfer  steps  nave 
quantum  yields  of  lOOz,  even  at  cryogenic  temperatures  i2,6).  Thus,  within 
the  bacterial  reaction  center  light  is  converted  to  useful  chemical  poten¬ 
tial  via  a  highly  efficient  multistep  charge  separation  process,  initiated 
by  an  excited  singlet  state  electron  donor,  in  a  time  appreciably  less  than 
a  nanosecond. 

In  homogeneous  solution  the  situation  is  quite  different.  Although  both 
the  excited  singlet  and  triplet  states  of  BPh  and  chlorophyll  (Chi)  are 
effectively  quenched  by  p-oenzoquinone  (BQ)  and  other  electron  acceptors  in 
polar  organic  solvents,  radical  ions  are  detected  only  from  the  excited 
triplet  state  reaction  [7-11].  The  reason  adduced  is  that  reverse  electron 
transfer  within  the  intermediate  triplet  radical  pairs  to  give  the  ground 
singlet  state  is  spin-forbidden,  giving  the  ions  more  time  to  diffuse  apart 
[12].  It  is  not  at  present  understood  why  the  singlet  pathway  is  so  effec¬ 
tive  in  the  reaction  center,  whereas  only  the  fiplet  route  operates  effec¬ 
tively  in  homogeneous  solution,  althougn  several  reasons  for  this  differ¬ 
ence  in  behavior  have  been  considered.  These  include  the  effect  of 
Franck-Condon  factors  on  reverse  electron  transfer  rates  ana  the  possibil¬ 
ity  that  different  orbitals  may  be  involved  in  the  forward  and  reverse 
electron  transfer  steps  [12-14].  The  possible  importance  of  the  micro¬ 
scopic  environment  in  assisting  charge  separation  ana  hindering  reverse 
electron  transfer  in  reaction  centers  has  not  explicitly  been  considered  in 
these  discussions.  To  explore  its  role,  we  have  studied  reactions  of 
photoexcited  BPh  in  aqueous  micellar  solutions  with  picosecond  and  slower 
spectroscopic  techniques. 
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Surfactant  (detergent)  molecules  possess  a  polar  headgroup  and  a 
nonpolar  hydrocarbon  tail.  These  self-aggregate  in  aqueous  solution  to 
form  colloidal  Gc-fpiexes  of  high  molecular  weight,  called  micelles  [  1 5 j . 
These  are  roughly  spherical  structures  with  a  nonpolar  inner  core  compris¬ 
ing  the  hydrocarbon  tails  and  a  charged  surface  region  made  up  of  the  head- 
groups,  called  trce  Stern  layer,  surrounded  By  the  counterions  and  the  bulk 
aqueous  phase.  The  micellar  surface  is  positively  charged  (cationic)  in 
the  cetyltrimethylammonium  bromide  (CTAB)  micelles.  The  hydrophobic  inter¬ 
actions  responsible  for  micellar  stability  are  similar  to  those  which 
stabilize  biological  membranes  and  globular  proteins  [15].  Micelles  pro¬ 
vide  a  means  for  imposing  structure  on  the  microscopic  environment  and  for 
controlling  the  distance  between  the  reactants. 

Our  purpose  in  undertaking  the  studies  presented  here  was  to  find  out  if 
micelles  could  effect  the  rate  of  electron  transfer  between  the  reactants, 
the  rate  of  reverse  electron  transfer  within  tne  radical  pair  state,  ana 
the  recombination  rate  of  separated  ions.  Previous  studies  in  micelles  of 
electron  transfer  from  photosynthetic  pigments  and  other  porphyrins  to 
various  electron  acceptors  have  had  some  success  in  this  regard  [16-18]. 
We  chose  to  study  6Ph  ♦  BQ  because  the  excited  state  photophysics  ana  elec¬ 
tron  transfer  behavior  of  BPh  with  this  electron  acceptor  in  homogeneous 
solution  are  well  characterized  [8,12-14].  By  comparing  results  obtained 
in  micelles,  homogeneous  solutions,  and  reaction  centers,  we  hope  to  explore 
the  effect  of  the  environment  on  charge  separation  in  a  systematic  way. 

Experimental 

The  picosecond  apparatus  has  been  described  previously  [19].  For  the 
present  study,  8  ps  530  nm  flashes  were  used  to  excite  sample  solutions  of 
40  w M  BPh  in  2  or  5  mm  path- cells.  Microsecond  flash  photolysis  studies 
made  use  of  200  ns  530  nm-  excitation  flashes  from  a  f  1  ash  1 amp-pumpec 
coumarin-7  dye  laser.  The  detection  system  had  a  response  time  of  aoout  1  us 

BPh  was  prepared  as  descriDed  previously  [8].  Micellar  solutions  were 
prepared  by  injecting  concentrated  aliquots  of  BPh  in  ethanol  into  0.1  M 
aqueous  CTAB  followed  by  addition  of  the  electron  acceptor..  These  solu¬ 
tions  were  thoroughly  degassed  py  at  least  10  freeze-thaw  cycles  on  a  hign- 
vacuum  line,  and  sealed.  Fluorescence  quenching  studies  were  carried  out 
on  a  Farrand  MKI  spectrof luorometer. 

Sites  of  solubi 1 ization 


Previous  studies  suggest  that  Chl-a  is  solubilized  within  the  nonpolar 
inner  core  of  micelle,  the  process  being  assisted  oy  hydrophopic  interac¬ 
tions  between  the  hydrocarbon  (phytyl)  chain  of  Chl-a  and  the  hydrocarbon 
chain  of  the  surfactant  molecules  l'5-18].  Based  on  the  structural  simi¬ 
larity  between  Chl-a  and  BPh,  we  believe  that  BPh  is  incorporated  into  the 
Inner  core  of  the  micelle.  The  site  of  solubilization  of  5C  in  CTAS 
micelles  was  determined  by  proton  NMR  spectroscopy  to  be  on  the  average 
near  the  inner  surface  of  tne  Stern  layer  [21].  As  descriDed  below,  tne 
behavior  of  photoexcited  BPh  in  the  presence  of  6Q  supports  our  views  on 
the  sites  of  soluoil ization  of  both  molecules. 

Excited  singlet  state  quenching 

Difference  spectra  for  the  formation  of  the  BPh  excited  singlet  state 
(BPh*),  the  excited  triplet  state  (BPhT),  and  the  cation  racical  (BPn*) 
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in  CTA8  micelles  are  closely  similar  to  those  obtained  in  a  number  of 
organic  solvents  [8,21]. 

The  lifetime  of  8Ph*  was  obtained  from  the  decay  of  excited  state 
absorbance  at  610  nm  and  from  recovery  of  BPh  ground  state  bleaching  at  755 
nm.  Lifetimes  measured  at  the  two  wavelengths  were  the  same  within 
experimental  error.  Figure  1  shows  the  first  order  decay  plots  for  8Ph*  in 
CTAB  at  755  nm.  These  measurements  give  lifetimes  for  BPh*  of  2.2  ♦  0.3 
ns,  1.1  *  0.2  and  0.6  +  0.1  ns  in  the  absence  and  in  the  presence  of  10  or 
70  mM  BlT,  respectively.  The  lifetime  in  the  absence  of  quenchers  is  the 
same  within  experimental  error  as  the  value  of  2.0  ^  0.2  ns  obtained 
previously  in  acetone:methanol  (7:3)  solution  [8]. 

The  reduction  in  BPh*  lifetime  and  the  fluoresence  quenching  measure¬ 
ments  (not  shown)  are  in  good  agreement  and  are  linear  in  BQ  concentration 
up  to  about  30  mM  BQ.  These  data  give  a  quenching  constant  Kq  "  33  ♦  2 
M-'.  Together  with  a  2.2  ns  lifetime  in  the  absence  of  quencher,  this 
yields  a  second  order  quenching  rate  of  1.5  ♦  0.2  x  10'G  M” 's'1  in 
CTA8  micelles.  Previously  a  value  of  1.7  0.2  x  lo'Q  M_,s~  was 
obtained  in  acetone.-methanol  (7:3)  [8].  Thus,  quenching  rates  of  BPh*  by 
BQ  are  about  the  same  in  CTAB  micelles  and  in  this  homogeneous  solution. 


Fig.  1  First  order  decay  plots  for  20  uM  BPh  following  excitation  with  8  ps 
530  nm  flashes,  measured  from  recovery  of  ground  state  bleaching  at  755 
nm.  The  ordinate  is  the  absorbance  change  at  time,  t,  minus  that  at  the 
asymptote  of  the  decay  curve,  measured  between  6  and  9  ns  after  excitation. 


Above  30  mM  tne  quenching  becomes  nonlinear  in  BQ  concentration  in  both 
CTA8  and  in  organic  solvents,  out  is  much  more  pronounced  in  CTAB 
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•1c*T1es.  This  does  not  appear  to  be  due  to  ground  state  complexes  involv¬ 
ing  8Ph  and  BQ,  because  at  the  highest  concentration  of  BQ  used  (70  irfl)  no 
new  bands  were  observed  in  the  absorption  or  fluorescence  spectra.  Such 
nonlinear  quenching  behavior  has  been  attributed  previousl>  to  static 
quenching  and  would  involve  “instantaneous"  quenching  of  those  BPh*  mole¬ 
cules  formed  within  an  active  quenching  radius  of  an  electron  acceptor,  ana 
thus  becomes  increasingly  important  at  highe  quencher  concentrations  [ 22 ] . 
Enhanced  static  quencning  in  CTAB  micelles  at  high  BQ  concentrations  sug¬ 
gests  that  at  these  concentrations  more  BQ  molecules  lie  within  the  effec¬ 
tive  quenching  distance  of  BPh  at  the  time  of  excitation  than  in  homogene¬ 
ous  solution.  This  result  is  in  agreement  with  the  contention  that  3Q 
molecules  are  preferential ly  solubilized  at  the  inner  surface  of  the  Stern 
layer  and  that  BPh  Molecules  reside  within  the  micellar  inner  core. 

formation  of  cation  radicals 


Irradiation  with  200  ns  530  nm  flashes  of  BPh  in  CTAB  micelles  in  the 
absence  of  quenchers  proouces  absorbance  changes  due  to  BPh',  that  decay 
with  a  time  constant  of  48  «s.  In  the  presence  of  BQ,  these  absorbance 
changes  are  replaceo  by  the  spectrum  of  the  cation  radical,  BPh*. 
Kinetics  for  the  decay  of  BPh*  measured  at  420  nm  for  10  uM  BPh  ana  10  mM 
BQ  in  CTAB  were  found  to  be  essentially  second  order.  Uith  a  value  of  1.0 
♦  0.3  x  10P  for  the  differential  extinction  coefficient  at 
720  n«i  [8,23],  we  obtain  a  second  order  rate  constant  for  tne  recombination 
of  the  separated  ions,  BPh*  and  8Q“,  of  2.3  *  1.5  x  101Cl  m_'s~' 
in  CTAB  micelles.  A  value  of  1.8  ♦  1.0  x  1010  M-'s*'  was  obtaineo  in 
icetone:methanol  (7:3). 

With  ttie  ps  apparatus,  no  ' additional  absorbance  Changes  near  850  nm, 
where  8Ph*  is  kncvwi  to  have  weak  absorption  [8,23],  were  detectable  for 
40  uM  BPh  in  CTAB  micelles  in  the  presence  of  30  or  70  mM  80.  Since  tne 
detection  limit  for  absorbance  changes  is  0.025  with  our  ps  apparatus,  the 
yield  of  BPh*  could  be  as  much  as  4&  at  the  40  pM  BPh  concentrateo  usea 
and  still  go  unobserved  at  850  nm.  Thus,  in  the  present  study  we  were  not 
able  to  determine  whether  BPh*  in  CTAB  micelles  forms  preferential ly  via 
BPh*  or  BPh ' . 

A  better  region  for  monitoring  the  formation  of  BPh*  would  be  at  400 
nm  where  it  absorbs  strongly.  Unfortunately,  we  could  not  make  ps  observa¬ 
tions  in  this  region  because  of  strong  sample  absorbance  ana  declining 
probe  intensity.  Efforts  are  currently  unoerway  to  obtain  enhanced  probe 
intensity  in  the  AGO  nm  region  by  using  530  nm  light  to  generate  the 
picosecond  continuum  and  by  improvements  in  the  optics. 

The  fact  that  BPh  is  readily  seen  with  200  ns  excitation  flashes  but 
goes  undetected  in  the  ps  experiments  is  due  to  multiple  recycling  of  the 
system  during  the  much  longer  200  ns  flashes.  Thus  our  observation  of 
BPh  in  this  case  does  not  necessarily  imply  a  high  intrinsic  quantum 
yield  of  formation  [8]. 

Conclusions 


Electron  transfer  from  BPh*  to  BQ  is  more  efficient  in  CTAB  micelles 
than  In  acetoneimethanol  solution  at  high  BQ  concentrations.  At  lew  BQ 
concentrations  the  cuenching  rate  is  about  the  same  in  the  two  systems,  as 
is  the  recombination  rate  of  separated  ions.  Similar  observations  nave 
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been  reported  on  the  chlorophyll  sensitized  reduction  of  methyl  viologen  in 
nonionic  micelles  [16],  whereas  other  systems  nave  shown  more  pronounced 
effects  [17,18]. 

Additional  studies  with  an  expanded  series  of  electron  donors  and 
acceptors  are  underway  to  elucidate  this  behavior  and  to  further  investi¬ 
gate  the  effects  of  various  types  of  micelles  on  the  rate  of  electron 
transfer  quenching,  the  yield  of  ion  separation  and  the  rate  of  charge 
recombination.  We  also  nope  to  resolve  optically  the  formation  of  radical 
ions  from  excited  singlet  and  triplet  state  reactions  in  micelles,  as  has 
been  done  in  homogeneous  solution  [8],  since  this  is  crucial  for  devising 
efficient  models  for  photosynthetic  electron  transfer. 
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INTRODUCTION 

The  electronic  relaxation  in  solution  of  tr iphenylmethane  dyes, 
TPMfFig.  1),  such  as  crystal  violet  (CV)  and  malachite  green  (KG),  has 
been  studied  in  several  ways  and  is  found  to  show  a  significant  dependence 
on  solvent  viscosity.  The  fluorescence  quantum  yield,  Q,  is  very  small 
( <0 . 1  )  in  fluid  solvents,  but  increases  to  about  30%in  extremely  viscous 
media  [1-3].  Both  fluorescence  yield  studies  and  picosecond  spectroscopic 
kinetic  measurements  [4-8]  of  the  decay  of  excited  state  absorption  (ISA) 
and  of  the  rates  of  ground  state  repopulation  (GSR)  show  that  increased 


Fig.  1  The  triphenylmethane  dyes  crystal 
violet  CV  [Rj  =  R2  =  R3  =  N(CH3)2)  and 
malachite  green  MG  [Ry  =  H,  R?  =  R3  =  N ( CH3 ) 2 ] 

solvent  viscosity  leads  to  reduced  rates  of  electronic  relaxation.  The 
cations  of  TPM  dyes  assume  a  3-bladed  propeller  configuration  in 
solution.  The  model  proposed  by  Forster  and  Hoffmann  (FH)  [1]  envisages 
that  the  excited  molecule  undergoes  a  conformational  change  involving 
synchronous  rotation  of  the  phenyl  rings  to  new  conformations  that  have 
enhanced  rates  of  non-radiative  decay.  The  ring  rotation  is  driven  by 
steric  repulsion  between  ortho  hydrogen  atoms  on  adjacent  phenyl  rings  mo 
is  hindered  by  solvent  viscosity.  Their  mooel  predicts  a  Q  o  r/' 3 
dependence  that  is  supported  by  some  measurements  [1,3,8],  but  the  time 
dependence  of  excited  state  relaxation  of  exp  (-at3),  also  predicted  by 
the  model,  has  not  been  observed.  Picosecond  GSR  studies  of  CV  by  Magde 
and  Windsor[4]  indicated  that  internal  conversion  is  the  dominant 
mechanism,  but  their  data  did  not  distinguish  between  several  possible 
functional  descriptions  of  the  recovery.  Ippen  et  al.  [6]  studied  GSR  for 
MG  and  found  a  single  exponential  recovery  for  n<l  poise  and  a  double 
exponential  for  n>l  poise.  A  single  exponential  decay  of  fluorescence  for 
MG  was  reported  by  Yu  et  al.  [7],  but  Hirsch  and  Mahr[S]  observed  a  double 
exponential  decay.  However,  the  lifetimes  of  the  faster  decays  of  Hirsch 
and  Mahr  agree  both  with  the  lifetimes  of  Yu  et  al.  and  the  slower 
component  of  GSR  reported  by  Ippen  et  al.  Very  recently  Cremers  and 
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Windsor[9],  in  a  detailed  study  by  picosecond  flash  photolysis,  found  that 
a  Sum  of  many  decaying  exponentials  was  required  to  fit  their  GSR  and  ESA 
kinetic  data.  In  their  model  excitation  produces  in  the  excited  state  a 
replica  of  the  ground-state  conformational  distribution.  In  high 
viscosity  solvents  the  conformations  are  fixed  and  each  conformation 
exhibits  an  independent  and  different  rate  of  decay,  thus  leading  to  an 
overall  multi-exponential  decay.  In  solvents  of  lower  viscosity,  confor¬ 
mational  changes  can  occur  on  the  time  scale  of  the  relaxation  and  reduced 
viscosity  leads  to  a  transfer  of  excited  molecules  into  the  faster  non- 
radiative  decay  channels.  This  model  reconciles  the  kinetic  data  of 
Hirsch  and  Mahr  and  of  Ippen  et  a  1 . ,  but  the  disparity  between  the  kinetic 
and  quantum  yield  measurements  remains  to  be  explained.  Although  a  large 
amount  of  kinetic  data  has  now  been  accumulated  on  the 
viscosity-dependent  relaxation  of  CV  via  studies  of  ESA  ana  GSR,  to  date 
no  time-resolved  studies  of  CV  fluorescence  nave  yet  been  made.  We 
present  here  a  picosecond  kinetic  study  of  the  solvent-dependent 
relaxation  of  Doth  CV  and  MG  studied  by  laser  upconversion  of  the 
fluorescence  emission. 

EXPERIMENTAL 

A  synchronously-pumped  jet-stream  dye  laser  producing  pulses  of  4  ps 
duration  at  S95  nm  was  used  to  excite  the  fluorescence  of  solutions  of  CV 
and  MG  in  various  viscous  solvent  mixtures.  Heating  of  the  sample  volume 
was  avoided  by  the  use  of  a  jet  stream  for  the  more  fluid  solutions  and  a 
sample  cell  rotated  eccentr ica 1 ly  about  an  axis  normal  to  the  plane  of  the 
cell  for  the  more  viscous  solutions.  The  fluorescence  was  upconverted  to 
about  310  nm  by  mixing  in  a  UIO3  crystal  with  a  portion  of  the 
excitation  beam  obtained  by  use  of  a  suitable  beam  splitter.  By  varying 
the  time  delay  of  this  latter  beam  with  a  delay  line  controlled  by  a 
stepping  motor,  the  fluorescence  decay  profile  can  be  mapped  out.  The 
fluorescence  signal  was  observed  over  the  range  650-800  nm  by  angle  tuning 
the  UIO3  crystal.  CV  samples  were  purified  samples  provided  by  Cremers 
and  Windsor.  Commercial  samples  of  CV  not  specially  purified,  gave 
results  that  did  not  differ  from  those  for  the  purified  material.  The  MG 
used  was  a  biological  stain  sample  of  98  It  purity.  All  experiments  were 
performed  at  21.5‘C.  Solution  viscosi'ies  were  also  measured  at  this 
temperature  with  an  Ostwald  viscometer  which  was  calibrated  against  oils 
of  standard  viscosity.  Viscosity  data  were  reproducible  to  +  I'U. 

RESULTS 

Our  results  are  summarized  in  Figures  2-4.  Fig.  2  is  a  logarithmic 
plot  of  the  decay  of  CV  fluorescence  in  a  glycol/water  solution  of 
viscosity  IIP.  The  time  axis  corresponds  to  3  ps  per  channel.  Note  that 
the  decay  is  very  close  to  being  exponential  except  at  the  earliest 
times.  A  computer  fit  to  a  double  exponential  decay  gives  a  major 
component  with  a  lifetime  of  150  ps  and  a  minor  (15^  amplituae) 
contribution  from  a  faster  decaying  component  with  a  lifetime  of  41  ps. 

We  studied  the  fluorescence  decay  of  CV  in  solutions  ranging  in 
viscosity  from  0.8  P  to  50  P.  The  results  for  both  the  long  and  short 
decay  components  are  summarized  in  a  log-log  plot  in  Fig.  3.  Within 
experimental  error  both  fit  quite  well  to  a  dependence  of  the  lifetime  on 
the  2/3  power  of  the  viscosity  in  agreement  with  the  FH  model. 

Similar  data  were  obtained  for  MG,  but  the  dual  exponential  character 
of  the  decay  was  more  pronounced  than  for  CV  even  in  the  more  fluid 
solvents.  Figure  4  shows  the  kinetics  in  a  glycerol /water  mixture  of 
viscosity  11.5  P  together  with  a  dual  exponential  fit  to  the  data.  There 
is  a  long  component  of  153  ps  and  a  shorter  component  (45  %  ampl  itude)  of 
58  ps.  The  viscosity  dependence  of  the  MG  fluorescence  shows  an 
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Fig-  3  Log-log  p?ot  of 
fluorescence  decay  times 
of  crystal  violet  versus 
solvent  viscosity 


Fig.  4  Decay  of  malachite 
green  fluorescence  in  glyc 
erol/water  solution  of 
viscosity. 11. 5  poise  at 
21.5°C.  The  solid  line  is 
a  dual  exponential  fit  to 
the  experimental  data 


.Picoseconds 


approximately  1/3  power  dependence  of  both  lifetimes  on  viscosity  in 
agreement  with  the  data  of  Hirsch  ana  Kahr. 

We  also  studied  the  wavelength  dependence  of  the  fluorescence  decay 
of  CV  over  the  range  650-800  nm.  lo  within  1  £.  we  were  unable  to  observe 
any  variation  in  the  decay  times  over  this  range. 

DISCUSSION 

Our  results  can  be  understood  in  terms  of  the  model  of  Cremers  and 
Windsor  [9].  Excitation  produces  in  the  excited  state,  a  replica  of  the 
ground-state  population  distributed  over  various  angular  conformations  of 
the  phenyl  rings.  In  high  viscosity  solvents  ring  twisting  is  very  slow 
and  this  distribution  does  not  change  on  the  tine  scale  of  fluorescence 
emission.  The  fluorescence  decay  is  multi-exponential  because,  owing  to 
the  convergence  of  the  upper  and  ground  state  potential  energy  surfaces 
with  increasing  ring  angle,  the  rate  of  internal  conversion  also  increases 
with  increasing  ring  3ngle.  Thus  a  different  rate  of  fluorescence  decay 
obtains  for  each  angular  conformation,  determined  by  the  internal 
conversion  rate  appropriate  to  each  value  of  ring  angle.  In  low  viscosity 
solvents,  the  rate  of  twisting  of  the  phenyl  rings  becomes  rate 
controlling  and  the  decay  approximates  to  a  single  exponential,  we  do  not 
at  present  understand  the  differences  between  the  behavior  of  CV  ana  that 
of  MG.  Probably  these  differences  are  connected  with  differences  in  the 
relative  disposition  of  the  upper  and  lower  potential  energy  surfaces  for 
the  two  molecules. 

The  weaker  dependence  of  the  decay  time  on  viscosity  for  MG  implies 
that  ring  rotation  by  the  solvent  is  less  hindered  than  in  the  case  of 
CV.  This  is  consistent  with  the  presence  in  MG  of  one  unsunstituted 
phenyl  ring,  i.e.,  one  ring  does  not  carry  a  -NfCHjJj  group  in  the 
para  position,  leading  to  a  lower  degree  of  n  bonding  to  the  central 
carbon  atom  and  therefore  less  resistance  to  twisting. 
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SUMMARY 

Picosecond  kinetic  spectroscopy  has  contributed  greatly  in  the  past  five 
years  to  our  understanding  of  primary  photophysical  and  photochemical 
events  in  biological  systems,  notably  photosynthesis.  Such  systems  are  chem¬ 
ically  and  spectrally  complex  and  for  progress  to  be  made,  broad- band  tran¬ 
sient  difference  spectra  are  essential.  We  describe  the  construction  and  use  of 
a  lcw-cost  system  for  converting  a  single-pulse  picosecond  laser  spectrometer 
to  an  automated  instrument  in  which  broad-band  transient  difference  spectra 
with  good  resolution  in  both  absorbance  change  and  wavelength  can  be 
acquired  in  only  a  few  laser  shots.  The  detection  system  uses  a  standard 
vidicon-optical  multichannel  analyzer  combination,  present  in  most  pico¬ 
second  spectroscopy  laboratories,  interfaced  to  a  reliable,  home-assembled 
microcomputer.  Detailed  “how  to”  descriptions  of  the  method  and  its  im¬ 
plementation  are  given  and  representative  spectra  of  an  intermediary  elec¬ 
tron  transfer  state  in  bacterial  photosynthetic  reaction  centers  are  used  to 
demonstrate  the  advantages  of  the  automated  two-dimensional  technique 
over  the  point-by-point  single-shot  approach. 


INTRODUCTION 

Picosecond  flash  photolysis  and  kinetic  spectroscopy  have  been  of  great 
value  in  biology  and  biophysics  during  the  past  five  years,  notably  in  improv¬ 
ing  our  understanding  of  the  early  stages  of  photosynthesis  (see  refs.  1—3  for 
recent  reviews).  Biological  systems  are  often  chemically  and  spectrally  com¬ 
plex  and  kinetic  studies  at  a  single  wavelength  are  of  limited  value.  Not  only 
fast  time  resolution,  but  also  broad  spectral  coverage  and  the  ability  to 
detect  small  changes  in  absorbance,  are  needed  to  elucidate  the  primary 
photophysical  and  photochemical  steps.  Much  of  the  work  has  been  carried 
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out  with  th  aid  of  the  single  shot  picosecond  flash  photolysis  technique 
(4— 7].  The  OD  of  the  sample  is  obtained  at  a  given  time  delay,  in  the  range 
from  a  few  ps  to  a  few  ns  following  excitation  by  a  5—10  ps  duration  pump 
pulse,  by  means  of  a  spectrally  broad  (“white  light”)  picosecond  continuum 
pulse  generated  via  a  process  commonly  called  self-phase  modulation  (SPM) 
(4 1 .  The  probe  pulse  monitors  both  a  region  of  the  sample  that  is  exposed 
to  the  pump  pulse  and  also  adjacent  immediately  contiguous  regions  that  are 
not  exposed.  Comparison  of  the  probe  pulse  intensity  transmitted  through 
the  exposed  region  (/)  and  the  unexposed  regions  (70)  enables  the  change  in 
optical  density  of  the  sample  to  be  calculated  (as  AOD  =  log  10/I)  in  a  man¬ 
ner  similar  to  that  used  in  a  conventional  spectrophotometer.  With  this 
technique,  to  acquire  an  absorption  spectrum  over  a  range  of  several  hundred 
nm,  it  is  necessary  to  obtain  the  transient  OD  point-to-point  at  a  multitude 
of  wavelength  settings.  In  addition,  since  5  or  more  shots  are  often  required 
at  each  setting  to  obtain  a  satisfactory  signal-to-noise  ratio,  several  hundred 
laser  shots  and  a  period  of  4—8  h  are  usually  needed  to  acquire  the  desired 
spectrum  with  adequate  resolution  in  both  absorbance  and  wavelength.  Not 
only  is  the  above  process  tedious,  time-consuming  and  laborious,  it  is  also 
quite  unsatisfactory  for  the  study  of  irreversible  photolabile  systems  (e.g., 
rhodopsin)  necessitating  the  use  of  a  flow  system  and  large  sample  volume  to 
provide  fresh  sample  for  each  laser  shot.  Finally,  ambiguities  in  the  inter¬ 
pretation  of  kinetic  data  arise  at  short  delay  times  when  measurements  are 
made  at  a  single  wavelength,  owing  to  possible  spectral  changes  associated 
with  energy  relaxation  on  the  time  scale  of  the  measurement  [8],  Observa¬ 
tions  over  a  broad  spectral  band  are  advantageous  in  such  situations. 

In  response  to  the  above  problems,  automated  2-dimensional  (optical  den¬ 
sity  vs.  wavelength)  measurement  techniques  have  been  developed.  These 
typically  make  use  of  commercially  available  vidicon  detectors  interfaced  to 
a  2-d  Optical  Multichannel  Analyzer  (OMA)  such  as  the  Princeton  Applied 
Research  (PAR)  1215  OMA-2  and  a  dedicated  minicomputer.  Such  detection 
systems  have  been  used  with  a  subpicosecond  resolution  dye  laser  apparatus 
[9]  and  with  7—10  ps  resolution  Nd/glass  laser  systems  (9— 11].  Huppert  et 
al.  have  used  a  liquid  Nrcooled  RCA  4532  vidicon  and  controller  interfaced 
to  a  Nova  minicomputer  [12], 

A  major  disadvantage  of  the  above  systems  is  that  they  may  cost  as  much 
as  US  $  50,000  over  and  above  the  cost  of  the  basic  laser  ;  pparatus.  In  our 
laboratory,  we  have  developed,  constructed  and  used  an  inexpensive  system 
that  is  based  on  the  commonly  used  standard  PAR  1205A/B  OMA-vidicon 
detection  system  (cost  about  $  12,000).  We  have  interfaced  this  to  a  micro¬ 
computer  system  built  in  our  laboratory  from  kits  obtained  from  several  ven¬ 
dors  (see  below  and  ref.  13).  Since  the  majority  of  picosecond  spectrosco- 
pists  using  Nd/glass  laser  systems  already  possess  the  standard  1205  OMA- 
vidicon  combination,  the  additional  cost  to  make  possible  2-dimensional 
recording  of  data  is  no  more  than  $  7200  ($  3500  for  the  microprocessor 
and  peripherals,  $  1500  fora  low-dispersion  monochromator,  and  $  2200  for 
1205-08  2-d  option  card). 
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METHODS  AND  MATERIALS 


Description  of  system 

A  block  diagram  of  the  complete  detection  system  is  given  in  Fig.  1.  The 
ground  and  excited  state  absorbance  information  is  provided  by  our  laser 
system  [4,5].  A  single  1060  nm  pulse  of  ~8  ps  duration  is  selected  from  the 
output  train  of  a  modelocked  Nd/glass  laser,  amplified  twice  and  frequency- 
doubled  with  about  15%  efficiency  to  give  a  3  mJ  pulse  at  530  nm.  The  530 
nm  radiation  is  split  off  by  a  dichroic  mirror  and  is  focused  to  a  1.5  mm  spot 
on  a  1—5  mm  path  sample  cuvette.  Excitation  pulses  at  627  or  600  nm  are 
obtained  via  the  stimulated  Raman  process  by  focusing  the  530  nm  light  into 
a  5  cm  cell  containing  cyclohexane  or  its  perdeuterated  analogue.  The  1060 
nm  pulse  remaining  after  frequency  doubling  passes  the  dichroic  mirror  and 
is  focused  into  a  10  cm  long  cell  containing  CC14  in  which  a  broad-band  (360 
to  beyond  1060  nm)  continuum  probe  pulse,  also  of  ~8  ps  duration,  is  pro¬ 
duced.  Residual  1060  nm  light  is  removed  with  another  dichroic  mirror.  The 
probe  pulse  traverses  an  optical  delay  line,  is  elongated  in  the  vertical  direc¬ 
tion  with  two  cylindrical  lenses,  and  passes  a  spherical  lens  to  produce  an 
essentially  collimated  beam  about  1.5  cm  in  height  which  is  directed  to  the 
sample  position.  [The  system  is  aligned  with  a  He-Ne  laser  beam  traversing 
the  same  optical  paths  as  the  8  ps  pump  and  probe  pulses.]  As  shown  in 
Fig.  2A,  the  sample  holder  has  a  vertical  slit  3  cm  high  and  5  mm  wide 
behind  the  sample  cuvette.  Behind  this  we  place  a  plate  containing  two  hori¬ 
zontal  slits  whose  centers  are  separated  vertically  by  1cm.  These  slits  are 
each  2  mm  wide  (vertical  direction).  The  point  midway  between  the  two 
slits  is  at  the  same  height  above  the  optical  table  as  the  center  of  the  verti¬ 
cally  elongated  probe  beam  and  the  center  of  the  1/4  m  Jarrell— Ash  mono¬ 
chromator  entrance  slit.  The  pump  pulse  is  focused  at  the  center  of  the  sam¬ 
ple  cuvette  and  through  the  lower  of  the  two  slits,  henceforth  called  the 
“excited  region  slit”.  The  upper  slit  is  called  the  “reference  region  slit”.  The 
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Fig.  1.  Block  diagram  of  the  overall  data  acquisition,  storage  and  analysis  system  of  the 
picosecond  absorption  spectrometer.  The  monitoring  pulse  from  the  laser  apparatus  con¬ 
tains  sample  ground  and  excited  state  absorption  information  over  a  range  of  wave¬ 
lengths.  This  is  dispersed  by  the  monochromator  and  detected  by  the  vidicon  coupled  to 
an  optical  multichannel  analyzer  (OMA).  Spectral  information  from  the  OMA  is  pro¬ 
cessed  by  the  computer  to  yield  a  transient  absorption  spectrum  for  a  single  laser  shot. 
This  is  displayed  and  then  stored  on  a  floppy  disk. 
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Fig.  2.  A)  Pump  and  probe  beam  geometry  at  the  sample  position.  The  sample  holder  and 
plates  containing  vertical  and  horizontal  slits  are  actually  sandwiched  together.  The  pump 
beam  is  incident  on  the  sample  at  an  angle  of  about  10°  with  respect  to  the  probe  beam 
and  passes  through  the  vertical  and  lower  horizontal  slits.  The  light  transmitted  through 
unexcited  (/0)  and  excited  (/)  sample  regions  is  then  focused  onto  the  entrance  slit  of  a 
monochromator,  as  described  in  the  text.  B)  Imaging  of  excited  and  reference  region  light 
dispersed  by  the  monochromator  onto  the  two  500  channel  vidicon  tracks.  The  electron 
beam  actually  does  two  500  channel  triangular  scans.  On  the  first  scan  the  “selected” 
excited  region  track  is  read  and  data  are  stored  in  OMA  memory  A;  the  electron  beam 
does  not  “read”  off  charge  on  the  remainder  of  the  vidicon  during  this  scan.  On  the 
second  scan,  intensity  information  for  the  sample  reference  region  is  read  from  the  sec¬ 
ond  track  and  stored  in  memory  B.  The  results  of  5  such  accumulations  for  each  track  are 
added  in  the  corresponding  memories,  since  a  preset  of  10  is  used.  The  track  settings  used 
for  trimpots  on  the  2-d  option  card  are  height  (H)=  minimum,  separation  (S)  =  maxi¬ 
mum,  and  position  (P)  =  centered.  See  text  for  more  details. 


probe  light  passes  through  both  excited  and  reference  region  slits  (Fig.  2A) 
and  the  two  spots  are  focused  by  a  100  mm  focal  length,  35  mm  diameter 
lens  on  to  the  250  ,um  entrance  slit  of  the  monochromator.  This  lens  is 
placed  on  an  X-Y-Z  translation  stage  in  order  that  its  position  can  be 
adjusted  so  that  the  two  optical  spots  overlap  two  tracks  on  the  face  of  the 
vidicon  as  described  below.  If  desired,  the  cylindrical  lenses  could  be 
replaced  with  a  beam  splitter  and  mirror  to  generate  two  probe  beams  that 
pass  through  excited  and  reference  region  slits. 

We  machined  off  the  exit  slit  and  holder  from  the  monochromator  so  that 
the  vidicon  detector  surface  can  be  placed  at  the  exit  slit  plane,  and  so  that 
the  vidicon  can  be  rotated  about  the  optical  axis.  For  2-d  measurements  the 


247 


vidicon  is  rotated  so  that  the  square  preamp  box  is  pointed  down.  Since  the 
electron  beam  sweeps  the  vidicon  channel  by  channel  perpendicular  to  the 
preamp  box,  it  will  sweep  perpendicular  to  the  500  channel  track  direction 
(Fig.  2B),  reading  one  track  at  a  time  and  placing  the  information  in  the 
appropriate  OMA  memory.  The  OMA  circuitry  is  adjusted  as  follows: 

1.  Set  switch  on  rear  of  OMA  to  2-d. 

2.  Set  ANSUB  switch  (S2)  on  the  timing  card  to  left-hand  position  to  defeat 
automatic  baseline  subtract. 

3.  Set  thumbwheel  switches  on  2-d  card  for  two  tracks,  which  should  be  seen 
on  the  display. 

Track  Height,  Separation  and  Position  are  adjusted  with  the  aid  of  three 
trimpots  on  the  2-d  circuit  card,  as  follows: 

4.  Set  track  height  (width)  to  minimum  setting  (fully  CCW)  while  listening 
for  trimpot  clicking.  This  is  done  to  avoid  possible  track  overlap  which 
could  otherwise  occur  because  of  the  reduced  span  of  the  vidicon  em¬ 
ployed  when  only  two  tracks  are  in  use  (see  No.  5). 

5.  Set  track  separation  to  the  maximum  setting  (full  CW).  Note  that  when 
only  two  tracks  are  used,  only  a  fraction  of  the  entire  0.5  inch  dimension 
of  the  vidicon  is  employed.  Thus,  even  at  maximum  track  separation, 
there  is  no  danger  of  spillover  of  either  track  off  the  active  surface  of  the 
vidicon  provided  that  the  active  region  is  properly  centered  (see  No.  6). 

6.  Adjust  track  position  to  middle  setting  (about  6  turns  from  either 
extreme).  This  setting  centers  the  two  tracks  along  the  y-axis  of  the  vidi¬ 
con  surface.  We  find  the  settings  given  in  4—6  above  work  well  with  our 
light  level  (additional  filters  are  required  even  at  the  minimum  track 
width),  optical  spot  spacing  and  size. 

7.  Set  switch  on  2-d  circuit  card  to  right  hand  position  for  “dual  spectrum” 
mode.  Use  “track  select”  button  to  identify  the  excited  region  track  as 
the  “selected  track”  (the  selected  track  is  intensified  on  the  display).  Data 
from  this  track  will  then  be  stored  in  the  A  memory  and  data  from  the 
reference  region  track  will  be  stored  automatically  in  the  B  memory.  This 
procedure  ensures  that  the  calculated  optical  density  difference,  AOD, 
will  have  the  correct  sign  (our  software  assumes  that  excited  state  data  are 
always  stored  in  memory  A). 

Procedure  for  aligning  optical  spots  with  vidicon  tracks 

The  focusing  lens  must  be  adjusted  so  that  the  two  optical  spots  are  in 
optical  registration  with  the  two  tracks  on  the  vidicon  surface.  This  may  be 
accomplished  with  the  632  nm  line  of  the  He-Ne  laser  and  the  OMA  in  the 
real  time  mode.  Best  alignment  is  achieved  by  obtaining  the  following 
sequence  of  signals  on  the  vidicon  as  the  focusing  lens  is  moved  vertically 
downward  (see  Fig.  3):  (1)  lower  spot  lines  up  with  upper  track,  (2)  both 
spots  line  up  with  the  corresponding  tracks,  (3)  upper  spot  lines  up  with 
lower  track  (not  shown).  No  signal  is  obtained  for  the  intermediate  posi¬ 
tions,  ensuring  that  the  tracks  are  not  overlapped.  If  this  sequence  cannot  be 
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Fig.  3.  Alignment  of  the  two  optical  spots  with  the  two  vidicon  tracks  using  the  632  nm 
line  of  the  He-Ne  laser  and  the  OMA  in  the  real  time  mode.  The  track  separation  (s)  is  set 
at  the  maximum  value  as  discussed  in  the  text.  The  distance  (d)  between  optical  spots  is 
adjusted  by  changing  the  distance  of  the  focusing  lens  from  the  entrance  slit  of  the  mono¬ 
chromator.  The  632  nm  peaks  are  obtained  on  the  two  track  display  for  three  possible 
combinations  of  d  and  s  as  the  focusing  lens  is  moved  vertically  downward.  The  distance 
of  the  vertical  lens  from  the  monochromator  should  be  adjusted  so  that  case  C  (d  =  c)  is 
obtained  and  the  vertical  setting  of  the  lens  returned  to  the  position  where  both  optical 
spots  are  exactly  aligned  with  the  two  tracks,  as  shown  at  the  lower  right  of  the  figure. 

obtained,  the  distance  of  the  focusing  lens  from  the  entrance  slit  of  the 
monochromator  should  be  adjusted.  After  the  proper  patterns  shown  in 
Fig.  3  are  obtained,  the  lens  is  finally  reset  to  the  position  for  which  both 
spots  (excited  and  reference  region  light)  are  aligned  with  the  corresponding 
tracks.  Some  fine  tuning  can  also  be  accomplished  with  the  OMA  track 
height  and  separation  trimpots. 

To  ensure  that  no  wavelength  disparity  exists  between  the  two  tracks,  the 
monochromator  setting  is  adjusted  so  that  the  peak  of  the  632  nm  line  of 
the  He-Ne  laser  is  near  the  center  (channel  250)  of  both  tracks.  When  the 
cursor  is  moved  to  the  peak  of  the  signal  on  one  track,  it  should  also  lie 
within  one  channel  of  the  peak  of  the  signal  on  the  second  track.  If  this  is 
not  the  case,  the  vidicon  must  be  rotated  about  the  optical  axis  until  the  two 
tracks  are  aligned  properly  with  one  another  at  this  wavelength.  The  mono¬ 
chromator  setting  should  be  scanned  in  both  directions  to  ensure  that  the 
heights  of  the  peaks  do  not  change  as  they  approach  either  extreme  (chan¬ 
nels  0  or  499).  If  the  intensities  drop  off  before  either  extreme  is  reached, 
then  the  monochromator  with  vidicon  attached  must  be  rotated  in  the  hori¬ 
zontal  plane  until  the  probe  light  enters  the  monochromator  directly  down 
the  optical  axis. 

The  microcomputer  system 

A  complete  description  of  the  microcomputer,  peripherals,  and  the  simple 
OMA  interface  hardware  and  software  is  given  elsewhere  [13].  The  system 
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is  configured  around  the  Motorola  6800  microprocessor,  built  into  a  South¬ 
west  Technical  Products  Corporation  (SWTPC)  mainframe.  (SWTPC  now 
offers  a  more  powerful  mainframe  designed  around  the  Motorola  6809 
microprocessor;  the  same  OMA  interface  circuitry  can  be  used.)  The  entire 
microcomputer  system,  including  28K  static  RAM  memory,  4K  program¬ 
mable  EPROM,  terminal,  printer,  plotter,  A/D  and  D/A  converters,  8-in. 
floppy  disk  drive  with  350  Kbytes  per  disk,  and  software  can  be  purchased 
for  under  $  4000.  Of  these  items,  all  except  the  plotter  were  purchased  in 
kit  form  and  assembled  in  our  laboratory;  all  components  can  be  purchased 
in  assembled  and  tested  form  at  additional  cost. 

Acquisition  and  presentation  of  spectral  data 

When  the  laser  is  fired,  a  trigger  pulse  from  a  flashlamp-light  detection  cir¬ 
cuit  in  the  main  laser  cavity  is  applied  to  the  interface  circuitry  [13].  This  in 
turn  enables  the  OMA  to  accumulate  excited  and  reference  region  data  into 
the  OMA  A  and  B  memories  for  the  preset  number  of  accumulation  cycles. 
We  use  a  preset  of  10  to  give  an  accumulation  of  5  scans  of  each  of  the  two 
tracks.  Upon  completion  of  the  total  accumulation,  the  OMA  signals  the 
computer  that  the  experimental  data  are  stored  in  the  OMA  memories  and 
that  data  transfer  from  OMA  to  computer  can  take  place.  This  transfer  is 
completely  controlled  by  the  interface  hardware  and  software  [13],  and  the 
data  are  stored  in  the  computer  RAM  memory.  Immediately  following  this 
sequence,  the  results  of  a  dark  noise  (laser  not  fired)  accumulation  are 
transferred  to  the  computer  and  subtracted  from  the  results  of  the  data 
accumulation.  For  each  of  the  500  channels  along  the  wavelength  axis,  the 
computer  calculates  AOD  =  log  (unexcited  region  data/excited  region  data) 
and  stores  the  resultant  spectrum  on  floppy  disk.  To  correct  the  spectrum 
for  inhomogeneities  in  the  probe  light  falling  on  the  two  tracks  a  second 
spectrum  is  acquired  and  stored  on  disk  according  to  the  sequence  just 
described,  except  that  the  excitation  light  is  blocked.  Several  spectra  with 
and  without  excitation  are  acquired  and  stored,  the  number  depending  on 
the  magnitude  and  desired  accuracy  of  AOD.  A  spectrum  which  is  the 
average  of  those  taken  with  no  excitation  present  is  subtracted  point  by 
point  from  the  spectrum  representing  the  average  of  those  taken  with  exci¬ 
tation  light  present.  The  resultant  is  the  final  corrected  spectrum  of  AOD  vs. 
wavelength  at  the  selected  pump— probe  delay  time.  We  choose  to  store  the 
spectrum  obtained  from  each  laser  shot  on  floppy  disk;  however,  spectra  can 
be  added  and  averaged  within  computer  memory  so  that  the  system  can  be 
operated  at  a  much  higher  repetition  rate  if  necessary. 

Wavelength  resolution  and  total  span  of  the  spectrum  are  determined 
primarily  by  the  dispersion  of  the  monochromator  grating  (a  250  pm 
entrance  slit  is  used).  The  active  surface  of  the  vidicon  is  12.7  mm  by  12.7 
mm.  For  most  studies  we  use  a  147.5  grooves/mm  grating  having  a  dispersion 
of  26  nm/mm.  Thus  along  the  500  channels  of  both  vidicon  tracks  there  is  a 
26  X  12.7  =  330  nm  total  wavelength  span  with  330/500  =  0.66  nm/channel 
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resolution.  Gratings  of  lower  dispersion  are  used  when  higher  resolution  and 
lower  total  wavelength  span  are  required.  With  large  spectral  spans  and  fast 
kinetics  “chirping”  of  the  probe  beam  must  be  considered.  Chirping  arises 
because  different  wavelengths  of  the  continuum  have  different  velocities  in 
dispersive  media  and  therefore  arrive  at  the  sample  at  different  times.  This 
effect  can  be  measured  and  allowed  for,  but  it  is  preferable  to  minimize 
chirping  by  reducing  as  much  as  possible  the  number  of  dispersive  elements 
in  the  optical  path  [14]. 

For  samples  with  both  strong  and  weak  regions  of  sample  absorbance, 
colored  glass  and  neutral  density  filters  sure  used  to  keep  the  light  intensity 
across  the  desired  spectral  range  within  the  range  of  counts  (100— 700  counts 
per  channel)  that  gives  best  reproducibility  of  AOD  values. 

RESULTS 

Fig.  4  compares  the  near-infrared  difference  spectrum  for  the  formation 
of  state  P'Q"  in  Rhodopseudomonas  spheroides  reaction  centers  obtained 
with  the  2-d  acquisition  mode  and  the  point-by-point  1-d  method.  Here,  P  is 
a  bacteriochlorophyll  dimer  and  Q  is  a  ubiquinone  [1],  The  1-d  spectrum 


Fig.  4.  Comparison  of  the  transient  difference  spectrum  for  state  P*Q~  in  R.  spheroides 
R-26  reaction  centers  taken  with  1-d  and  2-d  modes  of  operation.  Both  spectra  were 
taken  500  ps  after  excitation  with  a  600  nm  8  ps  pulse.  The  1-d  spectrum  shown  in  B 
required  about  90  laser  shots  and  4  h  of  work.  The  2-d  spectrum  shown  in  A  took  only  7 
laser  shots  with  and  7  shots  without  excitation  and  required  about  35  min  to  acquire  and 
display.  Each  of  the  points  on  the  1-d  spectrum  is  the  average  of  5  laser  shots  and  typi¬ 
cally  has  an  S.D.  of  *0.025.  Because  of  the  presence  of  both  strong  and  weak  regions  of 
sample  absorbance  about  12  shots  with  and  12  without  excitation  in  the  2-d  mode  will 
give  1 0.025  accuracy  across  the  entire  region  shown. 
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required  90  laser  shots  (5  at  each  wavelength)  and  took  4  h  to  obtain.  The 
2-d  spectrum  required  7  shots  with  and  7  shots  without  excitation,  and  was 
obtained  in  only  35  min.  Thus,  the  acquisition  time  for  2-d  operation  is  sub¬ 
stantially  less  than  for  the  1-d  method.  Furthermore,  points  are  obtained  at 
intervals  of  0.7  nm  rather  than  10  nm.  The  2-d  data  give  an  essentially  con¬ 
tinuous  spectrum  and  do  not  require  guesses  to  be  made  as  to  how  the 
appropriate  curve  through  the  points  is  to  be  drawn,  as  is  necessary  in  the 
1-d  case.  This  advantage  is  particularly  important  for  complex  multicom¬ 
ponent  systems  such  as  the  photosynthetic  reaction  centers,  where  transient 
difference  spectra  have  many  peaks  and  troughs  over  a  relatively  small 
wavelength  range.  For  this  reason  the  2-d  mode  is  extremely  valuable  for 
exploratory  work  on  such  biological  systems,  especially  when  prior  informa¬ 
tion  regarding  highly  featured  spectra  is  absent. 

CONCLUSIONS 

The  automated  picosecond  spectrometer  we  have  described  makes  pos¬ 
sible  the  acquisition,  in  a  period  of  less  than  an  hour  using  only  one  or  two 
dozen  laser  shots,  broad-band  absorption  spectra  of  transient  intermediates 
over  a  range  of  up  to  300  nm  with  excellent  resolution  in  both  absorbance 
(t0.025)  and  wavelength  (0.7  nm).  These  features  are  especially  useful  for 
studying  biological  systems.  Lower  resolution  spectra,  suitable  for  explora¬ 
tory  study  of  new  systems,  are  obtained  in  a  matter  of  minutes  with  only  a 
few  laser  shots  —  a  great  advantage  in  the  case  of  samples  susceptible  to 
photodegradation.  The  system  can  be  constructed  at  a  modest  incremental 
cost  ($  7200)  over  the  cost  of  instrumentation  present  in  most  picosecond 
spectroscopy  laboratories.  In  addition  to  controlling  the  detection  system 
for  the  picosecond  laser  apparatus,  the  microcomputer  system  we  have 
described  is  also  very  useful  for  acquisition  and  analysis  of  data  from  other 
laboratory  instruments. 
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INTRODUCTION 


Photoinitiated  charge  separation  in  bacterial  reaction  centers  involves  at 
least  two  electron  transfer  steps:  an  initial  step  from  the  excited  singlet  state 
( P* )  of  a  bacteriochlorophyll  dimer  (P)  to  a  bacteriopheophytin  (BPh) 
within  4  ps  of  excitation  [1J  followed  by  transfer  of  the  electron  from  BPh 
to  a  quinone  in  about  200  ps  [1—4],  Both  steps  have  quantum  yields  of 
100%  [5,6],  indicating  that  the  forward  reaction  is  much  faster  than  the 
reverse  electron  transfer  within  the  intermediate  radical  pair  state  [P*BPh  ]. 

In  homogeneous  solution  the  situation  is  quite  different.  Although  the 
excited  singlet  states  of  BPh  and  chlorophyll  (Chi)  are  effectively  quenched 
by  p-benzoquinone  (BQ)  and  other  electron  acceptors  in  polar  organic  sol¬ 
vents,  this  reaction  does  not  lead  to  detectable  yields  of  charge  separated 
ions  [7—10],  In  contrast,  electron  transfer  from  the  lowest  excited  triplet 
states  of  BPh  and  Chi  to  BQ  yields  easily  detectable  amounts  of  the  radical 
cations  [8—11].  The  reason  adduced  is  that  reverse  electron  transfer  within 
the  intermediate  triplet  radical  pairs  to  give  the  ground  singlet  state  is  spin- 
forbidden,  giving  the  ions  more  time  to  diffuse  apart  [12,13].  Under  spe¬ 
cially  favorable  conditions  in  solution  radical  ions  have  been  detected  from 
excited  singlet  state  electron  transfer.  For  example,  in  the  case  of  BPh* 
quenched  by  methyl  viologen  (MV"),  the  radical  pair  state  (BPh*MV*]  is 
repulsive  and  the  ions  fly  apart.  But,  even  under  these  extreme  conditions, 
75%  of  the  singlet  radical  pairs  deactivate  to  the  ground  state  by  reverse  elec¬ 
tron  transfer  [14]. 

It  is  not  at  present  understood  why  the  singlet  pathway  is  so  effective  in 
the  reaction  center,  whereas  only  the  triplet  route  operates  effectively  in 
homogeneous  solution,  although  several  reasons  for  this  difference  in  behav- 
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ior  have  been  considered.  These  include  the  effect  of  vibrational  changes 
<  Franck- Condon  factors)  on  reverse  electron  transfer  rates  and  the  possibil¬ 
ity  that  different  orbitals  may  be  involved  in  the  forward  and  reverse  elec¬ 
tron  transfer  steps  (13,14],  The  possible  importance  of  the  microscopic 
environment  in  assisting  charge  separation  and  hindering  reverse  electron 
transfer  in  reaction  centers  has  not  explicitly  been  considered  in  these  dis¬ 
cussions,  To  explore  its  role,  we  have  studied  reactions  of  photoexcited  BPh 
in  aqueous  micellar  solutions  with  picosecond  and  slower  spectroscopic 
techniques. 

Surfactant  (detergent)  molecules  possess  a  polar  headgroup  and  a  non¬ 
polar  hydrocarbon  tail.  In  a  narrow  concentration  range  the  surfactant  mole¬ 
cules  self-aggregate  in  aqueous  solution  to  form  colloidal  complexes  of  high 
molecular  weight,  called  micelles  [15].  These  are  roughly  spherical  structures 
with  a  nonpolar  inner  core  comprising  the  hydrocarbon  tails  and  a  charged 
surface  region  made  up  of  the  headgroups,  called  the  Stern  layer,  surrounded 
by  the  counterions  and  the  bulk  aqueous  phase.  The  micellar  surface  is  posi¬ 
tively  charged  (cationic)  in  cetyltrimethylammonium  bromide  (CTAB) 
micelles  and  negatively  charged  (anionic)  in  sodium  dodecvlsulfate  (SDS) 
micelles.  The  hydrophobic  interactions  responsible  for  micellar  stability  are 
similar  to  those  which  stabilize  biological  membranes  and  globular  proteins 
[15].  Micelles  provide  a  means  for  imposing  structure  on  the  microscopic 
environment  and  for  controlling  the  distance  between  the  reactants. 

Our  purpose  in  undertaking  the  studies  presented  here  was  to  find  out  if 
micelles  could  affect  the  rate  of  electron  transfer  between  the  reactants,  the 
rate  of  reverse  electron  transfer  within  the  radical  pair  state,  and  the  recom¬ 
bination  rate  of  separated  ions.  Previous  studies  in  micelles  of  electron  trans¬ 
fer  from  photosynthetic  pigments  and  other  porphyrins  to  various  electron 
acceptors  have  had  some  success  in  this  regard  [16  -19].  We  chose  the  sys¬ 
tems  BPh  +  BQ  and  BPh  +  MV"  for  our  initial  investigations  in  micelles 
because  the  excited  state  photophysics  and  clot  trim  transfer  behavior  of  BPh 
with  these  electron  acceptors  in  homogeneous  solution  are  well  characterized 
(8,12  -14  ] .  By  comparing  results  obtained  in  micelles,  homogeneous  solu¬ 
tions,  and  reaction  centers,  we  hope  to  explore  the  effect  of  the  environment 
on  charge  separation  in  a  systematic  way. 

METHODS  AND  MATERIALS 

The  picosecond  apparatus  has  been  described  previously  [20].  For  the 
present  study,  8  ps  530  nm  flashes  were  used  to  excite  sample  solutions  of 
40  pM  BPh  in  2  or  5  mm  path  cells.  Microsecond  glash  photolysis  studies 
made  use  of  200  ns  530  nm  excitation  flashes  from  a  flashlamp-pumped  cou- 
marin  7  dye  laser.  The  detection  system  was  similar  in  design  to  that  used 
previously  (8],  It  consisted  of  a  0.25  m  monochromator,  RCA  7151W 
photomultiplier  tube,  op-amp  circuit,  and  Tektronix  549  storage  oscillo¬ 
scope.  The  total  detection  system  had  a  response  time  of  approximately  1  ^s. 


BPh  was  prepared  as  described  previously  |Hj.  Micellar  solutions  were  pre¬ 
pared  by  injecting  concentrated  aliquots  of  BPh  in  ethanol  into  0.1  M 
aqueous  ('TAB  or  SDS,  followed  by  addition  of  the  electron  acceptor.  These 
solutions  were  thoroughly  degassed  by  at  least  10  freeze-  thaw  cycles  on  a 
high-vacuum  line,  and  sealed.  Fluorescence  quenching  studies  were  carried 
out  on  a  Farrand  MK1  spectrofluorometer.  Proton  XMR  spectra  were 
recorded  on  a  JKOL-100  spectrometer. 

RKSl’LTS 

Electron  transfer  from  photoexcited  BPh  to  BQ  in  ('TAB  micelles  and  in  a 
number  of  organic  solvents  was  investigated  in  detail.  Less  detailed  studies 
were  made  of  BPh  +  MV"  in  CTAB  and  BPh  in  SDS  micelles. 

Sites  of  solubilization 

Previous  studies  suggest  that  Chla  and  other  metalloporphyrins  reside  in 
the  nonpolar  inner  core  of  micelles.  In  the  case  of  Chla  and  related  pig¬ 
ments,  it  has  been  suggested  that  hydrophobic  interactions  between  the 
hydrocarbon  (phytyl)  chain  of  the  substrate  and  the  hydrocarbon  chain  of 
the  surfactant  molecules  assist  in  the  incorporation  of  the  substrate  mole¬ 
cules  into  the  micelles  [17,21,22].  Based  on  the  structural  similarity  between 
Chla  and  BPh  we  believe  that  BPh  is  incorporated  into  the  inner  core  of  the 
micelle.  Furthermore,  solid  BPh  is  insoluble  in  water,  while  an  ethanolic 
stock  solution  of  BPh  is  very  soluble  in  aqueous  surfactant  solutions.  Alco¬ 
hols  are  known  to  be  solubilized  in  micelles,  rather  than  in  the  bulk  aqueous 
phase  (15j. 

The  sites  of  solubilization  of  BQ  and  MV"  in  (TAB  and  SDS  micelles 
were  determined  by  proton  XMR  spectroscopy.  In  all  cases  but  MV"  in 
CTAB,  we  observed  shifts  in  the  a-CH;  resonance  of  the  slirfactant  molecule 
hydrocarbon  chain,  suggesting  that  these  electron  acceptors  are  solubilized 
on  the  average  near  the  inner  surface  of  the  Stern  layer.  In  the  case  of  MV” 
in  CTAB,  repulsive  interactions  force  the  ion  away  from  the  positively 
charged  surface  of  the  micelle  into  the  bulk  aqueous  phase.  As  described 
below,  the  behavior  of  photoexcited  BPh  in  the  presence  of  BQ  or  MV"  sup¬ 
ports  our  views  on  the  sites  of  solubilization  of  all  three  molecules. 

Excited  state  spectra  and  lifetimes  in  the  absence  of  quenchers 

Difference  spectra  for  the  formation  of  BPh*  and  BPhT  in  CTAB  micelles 
are  shown  in  Fig.  1.  These  spectra  are  closely  similar  to  those  obtained  in 
ethanol,  in  cyclohexane,  and  previously  in  acetone  :  methanol  (7  :  3)  solu¬ 
tion  [8,14],  The  spectrum  for  the  formation  of  BPh‘  (crosses  in  Fig.  1)  is 
also  shown  and  will  be  discussed  below. 

The  lifetime  of  BPh‘  was  obtained  from  the  decay  of  excited  state  absor¬ 
bance  at  610  nm  (an  isosbestic  wavelength  in  the  spectrum  of  BPh*.  Fig.  11 
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Fig.  1 .  Difference  spectra  for  the  formation  of  BPh’  (o),  BPhT  (•),  and  BPh*  (x  )  in  CTAB 
micelles.  The  BPh*  spectrum  was  measured  50  ps  after  excitation  of  40  pM  BPh  with  8  ps 
530  nm  flashes.  Absorbance  changes  between  720  and  800  nm  were  measured  in  a  2  mm 
path  cell  and  then  scaled  for  the  5  mm  path  cel!  used  for  the  remainder  of  the  spectrum. 
The  spectrum  of  BPhT  was  measured  from  450  to  950  nm  with  the  ps  apparatus  5  ns 
after  excitation  of  40  pM  BPh  in  a  5  mm  path  cel)  and  with  theps  apparatus  from  360  to 
650  nm.  The  latter  measurements  employed  200  ns  530  nm  flashes  with  20  pM  BPh  in  a 
1  cm  cell.  The  two  portions  were  normalized  at  600  nm  and  plotted  together.  The  spec¬ 
trum  of  BPh*  (x)  was  obtained  from  the  initial  absorbance  changes  on  the  ps  apparatus 
following  excitation  of  20pM  BPh  +  20  mM  BQ  in  CTAB  in  a  1  cm  cell.  These  absorbance 
changes  were  scaled  by  the  same  amount  as  the  BPhT  spectrum;  the  measured  absorbance 
change  at  4  10  nm  was  0.1 .  Each  point  from  the  ps  measurements  is  the  average  of  at  least 
5  laser  shots,  while  those  from  the  ps  apparatus  are  the  average  of  2  laser  shots. 


and  from  recovery  of  BPh  ground  state  bleaching  at  755  nm.  Lifetimes  mea¬ 
sured  at  the  two  wavelengths  were  the  same  within  experimental  error.  Fig.  2 
shows  the  first  order  decay  plot  for  BPh*  in  CTAB  at  755  nm.  Measurements 
at  this  wavelength  and  at  610  nm  give  lifetimes  for  BPh*  of  2.2  ±  0.3  ns  in 
CTAB,  2.0  ±  0.2  ns  in  ethanol  and  2.1  ±  0.2  ns  in  cyclohexane.  These  figures 
are  the  same  within  experimental  error  as  the  value  of  2.0  ±  0.2  ns  obtained 
previously  in  acetone  :  methanol  (7:3)  solution  [8].  The  agreement  suggests 
that  there  is  no  significant  heavy  atom  effect  of  the  Br"  counter  ions  on  the 
decay  of  BPh*  in  CTAB  micelles,  and  supports  the  view  expressed  above  that 
BPh  resides  in  the  inner  core  of  the  micelles  with  no  access  to  the  aqueous 
phase  where  the  Br-  ions  are  located.  The  BPh*  lifetime  also  appears  to  be 
insensitive  to  the  presence  of  CL,  since  the  same  lifetime  was  obtained 
whether  or  not  samples  were  degassed.  Henceforth,  we  will  use  a  value  of 
2  ns  for  the  BPh*  lifetime  in  the  absence  of  quencher  in  CTAB  micelles  or  in 
the  organic  solvents  used  in  this  study. 


Fig.  2.  First  order  BPh*  decay  plots  measured  from  recovery  of  ground  state  bleaching  at 
755  nm  following  excitation  of  40  pM  BPh  in  CTAB  micelles  in  the  presence  or  absence 
of  BQ  with  8  ps  530  nm  flashes  The  quantity  In  I  AAA]  plotted  on  the  ordinate  is  the 
absorbance  change  measured  at  time,  t,  minus  the  value  measured  at  the  asymptote  of  the 
decay  curve,  measured  between  5  and  9  ns  after  excitation.  The  absorbance  change  at 
each  time  is  the  average  of  the  results  from  at  least  5  laser  shots.  The  lifetime's  obtained 
from  a  series  of  measurements  such  as  those  shown,  at  both  755  and  610  nm,  are  listed  in 
Table  I. 


Fig.  3.  Absorbance  changes  at  4  20  nm  following  excitation  of  20  pM  BPh  in  CTAB 
micelles  in  the  presence  or  absence  of  BQ  with  200  ns  530  nm  flashes. 


By  contrast,  the  lifetime  of  the  triplet  state,  BPhT,  is  extremely  sensitive 
to  the  presence  of  02  and  its  lifetime  was  measured  with  the  ps  apparatus  in 
thoroughly  degassed  samples  at  several  wavelengths  between  400  and  650 
nm.  The  decays  in  CTAB  micelles  (Fig.  3A)  in  ethanol  and  in  cyclohexane 
were  found  to  be  first  order,  with  a  time  constant  of  46  ±  4  ms.  A  value  of 
16+  2  ps  was  reported  previously  in  acetone  :  methanol  (7  :  3)  [8], 

Excited  state  quenching  by  BQ 

The  lifetime  of  BPh*  in  CTAB  is  reduced  from  2  ns  to  1.1  or  to  0.6  ns 
upon  addition  of  30  or  70  mM  BQ  (Fig.  2).  Addition  of  the  same  concentra¬ 
tions  of  BQ  to  samples  of  BPh  in  ethanol  decreases  the  lifetime  of  BPh*  to 
1.3  or  to  0.9  ns,  respectively.  The  results  of  the  BPh*  lifetime  measurements 
are  gathered  in  Table  I. 

Fig.  4  shows  the  Stem— Volmer  plot  for  quenching  of  BPh*  fluorescence 
by  BQ  in  CTAB  micelles.  Quenching  appears  to  be  linear  up  to  about  30  mM 
BQ,  giving  a  quenching  constant  KQ  =  33  ±  2  M~l.  Together  with  the  lifetime 
in  the  absence  of  quencher,  r°  =  2.2  ns,  this  yields  a  second  order  quenching 
rate  constant  kQ  -  Kq/t°  =  1.5  ±  0.2  X  1010  M~l  •  s"1  in  CTAB. 

Above  30  mM  the  quenching  becomes  nonlinear  in  BQ  concentration 
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TABLE I 


EXCITED  SINGLET  LIFETIMES  AND  TK1PLET  YIELDS 


Medium 

BQ  (mM) 

T*  (ns) 

Or 

CTAB  micelles 

0 

2.2  ±  0.3 

0.46  •* 

30 

1.1  7  0.2 

0.25  b 

70 

0.6  ±  0.1 

0.14  b 

Ethanol 

0 

2.0  ±  0.2 

0.46  a 

30 

1.2  ±  0.1 

0.28  *’ 

70 

0.9  ±  0.1 

0.21  l> 

SDS  micelles 

0 

0.8  c 

Cyclohexane 

0 

2.1  ±  0.2 

a  Measured  in  acetone 

.  methanol  (7 

3)  (8, 14). 

b  Calculated  from  * 

^ise^s  with  It lsc 

.  =  2.3  ±  0.4  x 

10*  M*1  ■  s~! 

c  Biphasio  (see  text). 


(closed  circles  in  Fig.  4).  However,  this  does  not  appear  to  be  due  to  ground 
state  complexes  involving  BPh  and  BQ,  because  at  the  highest  concentration 
of  BQ  used  (80  mM)  no  new  bands  were  observed  in  the  absorption  or  fluor¬ 
escence  spectra.  Such  nonlinear  quenching  behavior  has  bpen  attributed  to 
static  quenching  [23].  This  is  thought  to  involve  “instantaneous'’  quenching 
of  those  BPh*  molecules  formed  within  an  active  quenching  radius  of  an 
electron  acceptor,  and  thus  becomes  increasingly  important  at  higher 
quenching  concentrations. 

The  results  of  BPh’  lifetime  reduction  by  BQ  in  CTAB  micelles  (Fig.  2 
and  Table  I)  are  also  plotted  in  Fig.  4  (open  circles)  and  give  the  same  value 
of  Kq  within  experimental  error  as  the  fluorescence  quenching  data.  How¬ 
ever,  the  lifetime  quenching  appears  to  be  linear  up  to  the  highest  concen¬ 
tration  of  BQ  used  (70  mM).  This  quantity  would  not  be  expected  to  be 
affected  by  static  quenching  as  severely  as  is  the  fluoresence  yield  [23]. 

Fluorescence  quenching  and  BPh*  lifetime  reduction  data  in  ethanol  are 
also  presented  in  Fig.  4  and  Table  I.  Fluorescence  quenching  (closed  triangles) 
is  linear  up  to  about  30  mM  BQ  with  Kq  =  22+2  M"1.  Given  the  BPh*  life¬ 
time  of  2  ns  in  the  absence  of  quencher,  we  obtain  kq  =  1.1  +  0.1  X  1010 
M'1  -  s~‘  in  ethanol.  As  in  the  case  of  CTAB  micelles,  fluorescence  quenching 
but  not  BPh*  lifetime  reduction  (open  triangles)  becomes  nonlinear  at  high 
BQ  concentrations.  From  similar  measurements,  we  obtained  the  second 
order  quenching  rate  constants  in  acetone  :  methanol  (7  :  3)  and  in  acetone 
listed  in  Table  II.  The  results  indicate  that  quenching  of  BPh*  by  BQ  in 
CTAB  micelles  is  about  the  same  as  that  observed  in  a  number  of  organic 
solvents  and  slightly  faster  than  in  ethanol. 

Previous  studies  of  BPh  in  acetone  :  methanol  (7  :  3)  in  the  absence  of 
quenchers  gave  a  quantum  yield  for  BPhT  of  0.46  ±  0.08  and  a  rate  constant 
for  intersystem  crossing,  kisc  =  2.3  ±  0.4  X  10s  M‘l  ■  s_1  [14].  It  is  reasonable 
to  assume  the  same  values  in  CTAB  micelles  in  view  of  the  absence  of  a 
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TABt.E  II 

SECOND  ORDER  RATE  CONSTANTS  (x  1010  M‘>  s'1) 
Solvent  BPh*  +  BQ  BPh*  +  BQ' 


I'TAB  micelles 
Ethanol 

Acetone  methanol 

Acetone 

Cyclohexane 


1.5  *  0.2 
1.1  ±0.1 
1.7  ±  0.2 

1.6  ±  0.2 


2.3  +  1.5 

1.4  +  1.0 

1.8  i  1.0  a 

2.8  ±  1.1 


*  Measured  in  this  study  and  in  ref.  8. 
b  No  ions  detected  (see  text). 


Fig.  4.  Fluorescence  quenching  (closed  symbols)  and  BPh*  lifetime  reduction  (open  sym¬ 
bols)  for  BPh  in  CTAB  micelles,  in  acetone  and  in  ethanol  as  a  function  of  BQ  concentra¬ 
tion  Fluorescence  from  samples  of  20  ttM  BPh  was  detected  at  770  nm  and  excited  at 
735  nm  to  avoid  corrections  for  absorption  of  the  excitation  light  by  BQ.  BPh*  lifetimes 
were  measured  as  in  Fig.  2.  For  the  ordinate  of  the  plots,  /(  and  T,  are  the  fluorescence 
intensity  and  BPh’  lifetime  while  the  superscript  (°)  refers  to  the  value  in  the  absence  of 
quencher.  For  the  purpose  of  presenting  the  data,  the  results  in  acetone  and  in  ethanol 
have  been  shifted  down  vertically  by  0.6  and  1.0  units  along  the  ordinate  respectively. 
From  the  linear  portions  of  the  curves  quenching  constants  of  33  ±  2,  32  ±  2  and  22  ±  2 
M'1  are  obtained  for  CTAB  micelles,  acetone,  and  ethanol.  These  values  and  those  ob¬ 
tained  in  other  solvents  were  used  together  with  the  BPh*  lifetime  in  the  absence  of 
quencher  to  attain  the  second  order  quenching  rate  constants  listed  in  Table  II. 


heavy  atom  effect  of  the  BPh’  lifetime  (see  above).  In  the  presence  of 
quenchers,  the  triplet  yield  is  given  by  c>r  =  fc,sl.rs  where  rs  is  the  BPh’  life¬ 
time  with  quencher  present.  With  this  expression,  we  obtain  the  values  of  <p7 
shown  in  Table  1  for  BPh  in  CTAB  micelles  and  in  ethanol  with  30  or  70  m.M 
BQ  present. 

Formation  of  cation  radicals 

Irradiation  of  BPh  in  CTAB  micelles  or  in  ethanol  in  the  presence  of  BQ 
with  200  ns  530  nm  flashes  produces  absorption  changes  attributable  to  the 
formation  of  the  cation  radical,  BPh*  (Fig.  1).  We  also  see  this  spectrum  fol¬ 
lowing  excitation  of  BPh  and  BQ  in  ethanol,  and  the  same  spectrum  has  been 
reported  previously  in  acetone  :  methanol  (7  :  3)  solution  [8],  and  following 
electrochemical  production  of  BPh*  in  CH2C12  [24], 

Kinetics  for  the  decay  of  BPh*  measured  at  420  nm  for  10  ,uM  BPh  and  10 
mM  BQ  in  CTAB  (Fig.  3B)  or  in  organic  solvents  were  computer  fit  with  an 
iterative  least  squares  program  for  mixed  first  and  second  order  kinetics  [25]. 
The  decay  of  BPh*  was  found  to  be  essentially  second  order  in  CTAB  and  in 
all  organic  solvents  used.  With  a  value  of  1.0  +  0.3  X  10*  M_1  •  cm'1  for  the 
differential  extinction  coefficient  at  420  nm  (an  average  of  values  obtained 
in  acetone  :  methanol  [14]  and  CH2C12  [24]),  we  obtain  the  second  order 
rate  constants  for  the  recombination  of  the  separated  ions,  BPh*  and  BQ', 
listed  in  Table  II. 

Addition  of  10  mM  BQ  to  20  mM  BPh  in  cyclohexane  quenches  all  detect¬ 
able  absorbance  changes  on  the  ,us  apparatus,  indicating  that  the  intermedi¬ 
ate  radical  pairs  deactivate  completely  to  the  ground  state  by  reverse  electron 
transfer  before  the  ions  can  separate.  This  behavior  is  consistent  with  the 
results  obtained  on  a  variety  of  systems,  in  which  charge  separation  is  inhib¬ 
ited  in  nonpolar  solvents  [23], 

With  the  ps  apparatus,  no  additional  absorbance  changes  near  850  nm, 
where  BPh*  is  known  to  have  weak  absorption  [8,24],  were  detectable  for 
40  /jM  BPh  in  CTAB  micelles  in  the  presence  of  30  or  70  mM  BQ.  At  30  mM 
BQ,  the  expected  yield  is  about  50%  (Fig.  4)  if  every  BPh*  that  is  quenched 
leads  to  the  production  of  separated  ions,  or  about  25%  (Table  I)  if  every 
BPhT  that  is  formed  reacts  with  a  BQ  to  give  a  BPh*.  Since  the  detection 
limit  for  absorbance  changes  is  0.025  with  our  ps  apparatus,  the  yield  of 
BPh*  could  be  as  much  as  40%  at  the  40  mM  BPh  concentration  used  and  still 
go  unobserved  at  850  nm.  Thus  we  could  not  determine  the  relative  effi¬ 
ciencies  of  BPh’  and  BPhT  in  producing  radical  ions. 

A  better  region  for  monitoring  the  formation  of  BPh*  would  be  at  400  nm 
where  it  absorbs  strongly  (Fig.  1).  Unfortunately,  we  could  not  make  ps 
observations  in  this  region  because  of  strong  sample  absorbance  and  declin¬ 
ing  probe  intensity.  Efforts  are  currently  underway  to  obtain  enhanced 
probe  intensity  in  the  400  nm  region  by  using  530  nm  light  to  generate  the 
picosecond  continuum  and  by  improvements  in  the  optics. 

The  fact  that  BPh  is  readily  seen  with  200  ns  excitation  flashes  (Fig.  1) 
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hut  goes  undetected  in  the  ps  experiments  is  explained  by  multiple  recycling 
of  the  system  during  the  much  longer  200  ns  flashes.  Thus  our  observation 
of  BPh'  in  this  case  (Fig.  1)  does  not  necessarily  imply  a  high  intrinsic  quan¬ 
tum  yield  of  formation  [8], 

Quenching  by  methyl  viologen 

Addition  of  up  to  80  mM  MV"  to  samples  of  BPh  in  CTAB  causes  no 
detectable  changes  either  in  the  lifetime  of  BPh’  or  in  the  fluorescence  yield. 
This  observation  is  consistent  with  the  NMR  results  presented  earlier  which 
indicate  that  MV"  is  forced  into  the  bulk  aqueous  phase  by  repulsive  inter¬ 
action  with  the  positively  charged  micellar  surface.  It  also  supports  the  con¬ 
tention  that  BPh  is  located  in  the  micellar  inner  core,  with  no  access  to  the 
aqueous  phase. 

Aggregation  of  BPh  in  SDS  micelles 

In  SDS  micelles  a  distinct  shoulder  near  840  nm  appears  on  the  long- 
wavelength  side  of  the  BPh  absorption  band  centered  at  760  nm,  and  a  cor¬ 
responding  shoulder,  although  weak,  appears  in  the  appropriate  region  of  the 
fluorescence  spectrum.  Such  a  shoulder  is  usually  taken  as  evidence  for 
aggregation  ( 18],  Additional  evidence  comes  from  the  observed  reduction  of 
the  BPh*  lifetime.  For  20  BPh  in  SDS  micelles,  in  the  absence  of 
quencher,  the  decay  of  BPh*  is  biphasic  with  an  800  ps  major  component 
and  a  smaller  amplitude  component  of  several  nanoseconds.  The  latter  value 
is  in  the  same  range  as  that  obtained  above  for  unaggregated  BPh  in  other 
solvents  (Table  I),  and  probably  corresponds  to  the  lifetime  for  unaggregated 
BPh.  The  faster  component  undoubtedly  reflects  the  lifetime  of  aggregated 
BPh,  since  a  reduction  in  excited  singlet  state  lifetime  usually  accompanies 
aggregation  [23]. 

A  possible  explanation  for  aggregation  of  BPh  in  SDS  but  not  in  CTAB  is 
that  SDS  micelles  have  a  larger  inner  core  [15]  that  could  accommodate 
more  than  one  BPh.  However,  at  the  concentrations  used  (20  ^M  BPh  and 
1—3  mM  micelles)  the  probability  of  there  being  more  than  one  BPh  per 
micelle  is  extremely  low.  The  observed  aggregation  in  SDS  implies  additional 
specific  interactions  involving  BPh  and  SDS  that  do  not  occur  in  the  case  of 
CTAB  micelles. 

In  addition  to  the  problem  of  aggregation  of  BPh,  some  thermal  chemistry 
involving  BQ  also  occurs  in  SDS  micelles.  This  appears  to  include  conversion 
of  some  BQ  to  the  semiquinone;  it  could  be  facilitated  by  water  molecules 
that  penetrate  to  a  certain  extent  into  the  SDS  micelles  [15],  We  did  not 
observe  such  degradation  of  BQ  in  CTAB  micelles  over  the  period  of  the 
measurements. 
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DISCUSSION 

The  incentive  for  undertaking  the  present  study  was  to  see  if  micelles 
could  be  used  to  enhance  or  retard  the  rates  of  the  electron  transfer  reac¬ 
tions  involving  BPh  and  BQ  or  MV"  compared  to  those  found  in  homo¬ 
geneous  solution.  We  hoped  by  using  micelles  to  accomplish  three  important 
objectives.  First,  to  increase  the  effectiveness  of  quenching  BPh'  and  BPhT 
by  electron  acceptors  by  reason  of  the  forced  proximity  of  the  partners 
within  the  micelle.  Second,  to  increase  the  rate  of  separation  of  the  radical 
ions  by  means  of  specific  charge  interactions  present  in  the  micelle,  thus 
reducing  the  adverse  effect  of  fast  reverse  electron  transfer  within  the  radical 
pair  states.  And  third,  to  reduce  the  rate  of  recombination  jf  the  radical 
ions,  once  they  had  separated,  because  one  ion  would  be  outside  the  micelle 
while  the  other  would  be  retained  within  the  inner  core. 

BPh'  is  readily  quenched  by  BQ  in  C'TAB  micelles,  but  with  a  second 
order  rate  constant  not  appreciably  different  from  those  measured  in  a  num¬ 
ber  of  organic  solvents  (Table  11).  At  relatively  low  BQ  concentrations 
(Fig.  4),  CTAB  micelles  do  not  provide  an  environment  that  gives  more  effi¬ 
cient  quenching  of  BPh*  than  do  organic  solvents.  Quenching  is  somewhat 
less  effective  in  ethanol.  Alcohols  are  known  to  affect  the  redox  potential  of 
Chi,  possibly  through  complexing  to  the  ring-keto  oxygen  [26],  Similar 
interactions  could  occur  between  BPh  and  ethanol,  making  BPh  a  weaker 
electron  donor  in  ethanol  than  in  the  other  solvents.  We  did  not  explore  this 
possibility  in  detail. 

Electron  transfer  quenching  occurs  after  the  acceptor  has  approached  to 
within  an  effective  quenching  distance  of  the  donor  and  after  the  molecules 
have  reoriented  to  a  position  giving  the  good  orbital  overlap  on  which  elec¬ 
tron  transfer  strongly  depends  [27],  In  the  region  of  linear  quenching  (below 
about  30  mM  BQ  in  Fig.  4),  diffusion  of  the  reactants  to  within  the  critical 
quenching  distance  is  generally  believed  to  be  the  rate-limiting  step  in  homo¬ 
geneous  solution.  The  finding  of  similar  quenching  rates  in  CTAB  micelles 
and  in  a  number  of  organic  solvents  (Table  II)  would  be  explained  if  the  sur¬ 
face  region  of  the  CTAB  micelle  does  not  restrict  movement  of  BQ  toward 
or  away  from  the  BPh  within  the  micelle.  Alternatively  there  might  be  com¬ 
pensating  effects  arising  from  restricted  outward  diffusion  of  BQs  preferen¬ 
tially  solubilized  within  the  Stern  layer,  and  from  inhibition  of  the  necessary 
molecular  reorientation  by  the  semi-structured  micellar  environment. 

At  high  BQ  concentrations,  the  fluorescence  quenching  becomes  nonlinear 
in  all  solvent  systems  studied.  As  shown  by  the  closed  circles  in  Fig.  4,  this 
nonlinearity  is  especially  pronounced  in  CTAB  micelles.  As  stated  above,  this 
effect  does  not  appear  to  involve  the  formation  of  ground  state  complexes 
between  BPh  and  BQ.  It  does  suggest  that  at  high  quencher  concentrations 
more  BQ  molecules  lie  within  the  effective  quenching  radius  of  the  BPhs  at 
the  time  of  excitation.  The  effect  would  be  greater  in  CTAB  micelles  because 
BQs  are  preferentially  solubilized  at  the  inner  surface  of  the  Stem  layer  (see 
above),  whereas  in  homogeneous  solution  BQs  undergo  random  diffusion. 
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These  BPh*  molecules  are  “instantaneously”  quenched  upon  excitation, 
while  the  remaining  ones  are  quenched  by  tho«e  BQs  that  must  diffuse 
before  electron  transfer  can  occur.  Both  types  of  quenching  behavior  affect 
the  fluorescence  yield,  while  only  the  latter  will  affect  the  BPh*  lifetime. 
These  arguments  explain  the  fluorescence  quenching  and  BPh*  lifetime 
reduction  measurements  shown  in  Fig.  4,  and  are  consistent  with  previous 
studies  on  a  number  of  systems  [23],  Our  results  show  that  only  at  high 
quencher  concentrations  is  electron  transfer  from  BPh*  to  BQ  more  efficient 
in  CTAB  micelles  than  in  homogeneous  solution. 

The  observed  yield  of  BPh'  in  CTAB  micelles  is  about  a  factor  of  two 
lower  than  that  found  in  acetone,  acetone  :  methanol  (7  :  3),  or  in  ethanol, 
judging  from  the  amplitude  of  the  initial  absorbance  changes  at  420  nra  fol¬ 
lowing  excitation  of  20  >^M  BPh  in  the  presence  of  20  mM  BQ  with  200  ns 
flashes  (cf.  Fig.  3B).  Apparently,  attractive  interaction  between  BQ'  and  the 
positively  charged  micellar  surface  hinders,  to  some  extent,  ejection  of  BQ' 
into  the  aqueous  phase.  In  contrast,  just  the  opposite  behavior  is  observed 
for  the  quenching  of  Chi  by  duroquinone  in  SDS  micelles,  where  the  duro- 
quinone  anion  appears  to  be  forced  into  the  bulk  aqueous  phase  by  repulsive 
interactions  with  the  negatively  charged  micellar  surface  [17].  One  might 
expect  a  similar  enhancement  of  charge  separation  with  MV"  as  an  electron 
acceptor  in  CTAB  micelles,  but,  in  fact,  such  an  enhancement  is  not  ob¬ 
served.  The  explanation  probably  lies  in  repulsive  interactions  between  MV" 
and  the  similarly  charged  micellar  surface  that  prevent  MV"  from  getting 
close  enough  to  BPh  for  effective  quenching.  This  finding  supports  our  view 
that  BPh  is  solubilized  within  the  micelle  and  that  the  quencher  must  pene¬ 
trate  into  the  micelle  or  at  least  into  the  Stem  layer  for  electron  transfer  to 
occur.  In  nonpolar  organic  solvents  such  as  cyclohexane,  charge  separation 
appears  not  to  occur  at  all  due  to  poor  solubilization  of  the  radical  ions 
(Table  II). 

The  rate  of  recombination  of  BPh*  and  BQ"  is  also  about  the  same  or  pos¬ 
sibly  slightly  faster  in  CTAB  micelles  than  in  a  number  of  polar  organic  sol¬ 
vents  (Table  II).  Our  observation  that  the  BPh'  decay  is  second  order  indi¬ 
cates  that  a  BPh*  is  reduced  by  a  BQ"  different  from  the  one  formed  in  a 
particular  forward  electron  transfer  reaction.  This  could  occur  if  the  electron 
is  transferred  between  BQ"  and  other  BQs  at  the  inner  surface  of  the  micelle 
before  being  returned  back  to  a  BPh'.  It  is  also  possible  that  BQ'  escapes 
from  one  micelle  and  reduces  a  BPh'  in  another  micelle,  but  this  possibility 
is  not  very  attractive  in  view  of  the  site  of  solubilization  of  BQ  and  the 
attractive  interaction  between  BQ"  and  the  positively  charged  micellar  sur¬ 
face.  Experiments  using  a  third  molecule  solubilized  in  the  bulk  aqueous 
phase  which  could  reoxidize  the  BQ"  will  be  necessary  to  distinguish  between 
these  possibilities. 

Consistent  with  our  results  for  BPh  +  BQ  in  CTAB  micelles,  it  has  been 
found  previously  that  the  rate  of  recombination  of  Chi*  and  MV*  in  non¬ 
ionic  micelles  is  about  the  same  as  in  ethanol  [16].  Thus,  only  under  favor¬ 
able  conditions  is  the  recombination  rate  of  separated  ions  reduced  by  the 
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micellar  environment.  We  expected  the  rate  of  recombination  of  BPh'  and 
BQ  to  be  reduced  in  SDS  (anionic)  micelles,  because  of  the  possibility  that 
BQ'  would  be  ejected  into  the  bulk  aqueous  phase  by  repulsive  interactions. 
As  mentioned  above  this  has  indeed  been  observed  in  the  case  of  quenching 
of  Chi*  by  duroquinone  in  SDS  micelles  [17J.  However,  in  the  present  study, 
aggregation  of  BPh  and  additional  chemistry  involving  BQ  in  SDS  micelles 
prevented  us  from  testing  this  hypothesis.  We  plan  to  explore  this  matter 
further  in  our  future  investigations  of  electron  transfer  in  micelles. 

CONCLUSIONS 

BPh  is  preferentially  solubilized  within  the  inner  core  of  the  micelle.  Elec¬ 
tron  transfer  from  BPh*  to  BQ  is  more  efficient  in  CTAB  micelles  than  in 
homogeneous  solutions  at  high  BQ  concentrations.  At  low  BQ  concentra¬ 
tions  the  quenching  rate  is  about  the  same  in  the  two  systems,  and  the  yield 
of  charge  separated  ions  is  slightly  lower  in  CTAB  micelles  than  in  homo¬ 
geneous  solution.  The  recombination  rate  of  the  ions  that  do  separate  is 
about  the  same  or  slightly  faster  in  CTAB  micelles  than  in  a  number  of 
organic  solvents. 

Quenching  of  BPh*  by  MV**  in  CTAB  micelles  is  inhibited  by  repulsive 
interactions  between  the  electron  acceptor  and  the  surface  region  of  the 
micelle.  Aggregation  of  BPh  in  SDS  micelles  is  important  even  at  low'  concen¬ 
trations,  indicating  that  there  are  some  special  interactions,  involving  BPh 
and  SDS  micelles,  that  do  not  occur  in  CTAB.  Some  thermal  chemistry, 
involving  BQ,  also  takes  place  in  SDS  micelles. 

Additional  studies  with  an  expanded  series  of  electron  donors  and  accep¬ 
tors  are  underway  to  investigate  further  the  effects  of  various  types  of 
micelles  on  electron  transfer  quenching,  the  yields  of  ion  separation,  and  the 
rates  of  charge  recombination.  We  also  plan  to  explore  further  the  differ¬ 
ence  in  reactivity  of  excited  singlet  and  triplet  state  electron  donors  in 
micelles,  since  this  difference  is  important  for  devising  efficient  model  sys¬ 
tems  based  on  photosynthetic  energy  conversion. 
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We  have  studied  the  absorption  spectra,  emission  spectra,  and  fluorescence  excitation  polarization  spectra  of  a  series 
of  free  base  and  diprotnnated  ctioporphyrin-l  dimers  covalently  linked  through  lCHj)„  bridges,  n  =0-8  The  absorption 
spectra  of  the  u  =  0  and  n  =  1  dimers  show  red  shifts,  which  are  largest  1  =  15  mm)  for  the  Soret  band  of  the  n  =0  dimer. 
The  Soret  bands  of  the  diprotnnated  duners  n  =  11-3  show  splitting  (  =  50(1- 10(1(1  cm  which  can  be  interpreted  bv  an 
exciton  model  assuming  a  reasonable  geometry.  The  fluorescence  spectra  and  quantum  yields  are  similar  to  that  of  the 
monomer,  except  for  the  same  red  shift  seen  in  absorption;  however,  the  n  -  0  diprotnnated  dimer  shows  an  anomalous 
vibronic  structure.  The  fluorescence  excitation  polarization  spectra  for  the  n  =  0  and  the  n  =  1  dimers  differ  substantially  ** 
from  the  monomer;  the  dimers  ns]  have  fluorescence  excitation  polarization  spectra  that  suggest  that  some  of  the 
excitation  stays  localized  in  one  moiety  while  the  rest  hops  to  the  dimer  partner. 


1.  Introduction 

(Bactcrio)chlorophyll  and  related  pigment 
molecules  serve  several  important  functions  in 
the  photosynthetic  process.  Antenna  (bactcrio)- 
chlorophylls  absorb  the  incident  light  and  trans¬ 
fer  the  excitation  energy  to  photochemically 
active  pigment-protein  complexes,  called  reac¬ 
tion  centers,  where  the  initial  charge  separation 
process  takes  place.  In  the  reaction  center,  the 
harvested  energy  promotes  a  primary  electron 
donor  to  an  excited  state,  which  then  transfers 
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University.  St  l.ouis,  MO  63130.  USA. 

!  Present  address:  Department  of  Physics.  University  of 
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an  electron  to  the  primary  electron  acceptor  via 
one  or  more  intermediary  electron  carriers.  In 
reaction  centers  isolated  from  photosynthetic 
bacteria,  the  primary  donor  appears  to  be  a 
special  pair  or  dimer  of  bacteriochlorophyll 
molecules  [1-4],  It  is  believed  that  special  elec¬ 
tronic  properties  resulting  from  the  excitonic 
interactions  within  this  dimer  contribute  to  its 
important  role  in  the  charge  separation  process. 
For  example,  exciton  splitting  in  the  excited 
singlet  state  gives  the  dimer  two  absorption 
bands,  one  of  which  is  lower  and  the  other 
higher  in  energy  than  the  corresponding 
monomer.  The  low  energy  component  makes 
the  dimer  an  effective  trap  for  the  energy 
harvested  by  the  antenna  pigments.  Once  the 
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electron  is  transferred  from  the  dimer  to  the 
subsequent  electron  acceptor,  a  molecule  of 
bacteriopheophytin  in  bacterial  reaction  centers 
[5,  6],  the  unpaired  electron  is  delocalized  over 
the  large  tt  systems  of  both  molecules  of  bac- 
teriochlorophyll  [1-3,7].  Such  delocalization 
may  be  important  for  the  fast  rate  of  the  for¬ 
ward  teaction  and  for  hindering  unwanted 
reverse  electron  transfer  that  would  otherwise 
reduce  the  overall  yield  of  the  charge  separation 
process  (5,  8].  Similarly,  chlorophyll  dimers  have 
been  proposed  as  electron  donors  in  plant  reac¬ 
tion  centers  [6].  Thus,  it  is  important  for  devis¬ 
ing  useful  model  systems  based  on  photosyn¬ 
thetic  energy  conversion  that  we  understand  the 
effects  of  dimer  formation  and  exciton  interac¬ 
tions  on  the  electronic  properties  of  porphyrin 
complexes. 

Several  models  have  been  proposed  for  the 
chlorophyll  special  pair  [9-14],  and  theoretical 
calculations  based  on  exciton  interactions  have 
been  given  to  account  for  its  observed  spectral 
features  [15-18],  General  theories  of  exciton 
interactions  [19-24]  and  applications  for  por¬ 
phyrins  [25-31]  and  a  variety  of  pigment  com¬ 
plexes  [32-34]  in  both  solution  and  the  solid 
phase  are  given  elsewhere. 

In  the  context  of  understanding  the  photo¬ 
physics  of  the  special  pair,  model  systems  of 
simpler  porphyrin  dimers  are  attractive  for 
spectroscopic  and  kinetic  studies,  because  of  the 
flexibility  of  incorporating  specifically  desired 
structural  features  during  the  synthesis  [35-40], 
These  complexes,  and  particularly  mixed  metal 
dimers,  offer  the  possibility  of  isolating  the  fac¬ 
tors  affecting  the  rates  of  energy  and  electron 
transfer  from  one  porphyrin  ring  to  another 
[41-44].  We  hope  to  carry  out  such  studies  in 
the  future.  However,  before  the  photophysics  of 
more  complex  dimers  can  be  understood,  it  is 
useful  to  have  results  on  the  simplest  type  of 
dimers.  In  this  paper  we  present  studies  on  the 
absorption,  fluorescence,  and  fluorescence 
polarization  of  a  series  of  free  base  porphyrin 
dimers  joined  by  a  single  hydrocarbon  chain  of 
variable  length.  We  also  give  some  idealized 
exciton  calculations  to  account  for  the  observed 
spectra. 


2.  Experimental 

Etioporphyrin  I  (2,7,12,17-tetraethyl- 
3,8,13,18-tetramethyl  porphyrin)  dimers  (fig.  1) 
were  synthesized  as  previously  described  [35]. 
These  were  further  purified  by  thin-layer 
chromatography  on  silica  gel  with  CH2CI2  as 
eluent. 

Fluorescence,  fluorescence  excitation,  and 
fluorescence  excitation  polarization  spectra  were 
measured  on  a  Farrand  MKI  spectrofluorometer 
interfaced  to  a  Southwest  Technical  Products 
Corporation  6800  microcomputer.  Intensity 
readings  were  taken  via  an  eight  bit  A/D  con¬ 
verter  interface,  with  stepping-motor  driven 
wavelength  scans  controlled  by  the  microcom¬ 
puter.  Spectra  were  not  corrected  for  variations 
of  the  excitation  intensity  or  the  detection  sensi¬ 
tivity  with  wavelength;  these  variations  were  not 
very  large  and  were  not  important  for  our 
study.  Further  details  of  the  construction  and 
operation  of  this  apparatus  are  given  elsewhere 
[45],  Absorption  spectra  were  taken  on  a 
Varian  Superscan  II  spectrometer. 

Room  temperature  fluorescence  and  excita¬ 
tion  spectra  were  measured  in  CH2CI2  in  1  cm 
square  cells  using  2.5  nm  bandpass  slits  in  the 
fluorescence  or  excitation  path  depending  on 
the  spectrum  being  taken,  and  5  nm  bandpass 
slits  in  the  alternate  path.  Optical  densities  were 
adjusted  to  0.1  at  500  nm  for  excitation  in  the 
visible  region  and  to  0.1  at  400  nm  for  spectra 
in  the  Soret  band  to  avoid  front-face  effects. 
Scattered  light  was  negligible. 

Liquid  nitrogen  temperature  spectra  were 
measured  in  a  Dewar  assembly  with  samples  in 


Fig.  1  Basic  structure  for  etioporphyrin  based  covalently 
linked  dtmers  with  n  =0-8  The  n  =  0  dimer  contains  a 
direct  link  between  the  rings. 
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EPA  (ethyl  ether :  pentane  :ethnol  =  5:5:2  by 
volume)  in  4  mm  i.d.  round  tubes  adjusted  to 
the  optical  densities  given  above.  Excitation 
polarization  spectra  were  taken  under  these 
conditions  and  at  5  nm  intervals  with  rotatable 
quartz  disk  polarizers  in  the  excitation  and 
emission  beams,  which  were  at  90°  to  one 
another. 

The  degree  of  fluorescence  polarization  was 
calculated  from  the  formula 

fvv  fvh(fh,/  f hh  ) 

P  =  + 

where  /.h  is  the  relative  fluorescence  intensity 
measured  on  the  spectrofluorometer  with  verti¬ 
cally  polarized  excitation  light  and  horizontally 
polarized  emission  light.  The  intensity  readings 
with  other  combinations  of  excitation  and 
emission  polarizers  are  similarly  defined.  The 
quantity  (/h,/fhh)  corrects  for  the  instrumental^ 
induced  contribution  to  the  observed  degree  of 
polarization  as  previously  described  [46].  All 
fluorescence  excitation  polarization  spectra  rep¬ 
resent  the  average  of  the  results  for  two  or 
three  measurements 

Fluorescense  lifetimes  were  measured  by 
exciting  the  samples  with  a  picosecond  dye  laser 
and  determining  the  fluorescence  response  using 
time-correlated  single  photon  counting.  A 
detailed  description  of  the  apparatus  and  the 
deconvolution  and  data  analysis  procedures  has 
appeared  elsewhere  [47]. 

3.  Results 

3. 1.  Fluorescence  and  excitation  spectra  of  free 
base  compounds 

Room  temperature  fluorescence  spectra  in 
CHjCI:  with  excitation  in  the  Q»  (1,0)  band  at 
500  nm  (OD  =  0. 1)  arc  shown  in  fig.  2.  The 
peak  of  the  major  fluorescence  band,  Q.v(0,  0), 
in  the  n  =0  dimer  is  shifted  by  5  nm  to  the  red 
of  the  position  in  the  monomer.  The  n  -  1-8 
dimers  are  red  shifted  by  progressively  less 
amounts  (last  column  of  table  1).  The  same 
fluorescence  spectra  are  obtained  upon  exciting 


Fig.  2.  Room  temperature  fluorescence  spectra  for  the 
etioporphyrin  monomer  and  for  the  n  ~  0.  n  =  4  and  n  -  1 
dimers.  Molecules  were  excited  at  the  Q>  il.O)  absorbance 
maximum.  Peak  wavelengths  for  all  free  base  spectra  are 
listed  in  table  1. 

in  the  other  visible  (Q)  bands  or  in  the  Soret 
(B)  band 

Room  temperature  excitation  spectra 
obtained  by  monitoring  at  the  peak  of  the 
Qx(0,  0|  fluorescence  band  are  shown  in  tig  3. 
The  same  spectra  are  obtained  by  monitoring 
the  Qx(0,  1)  band  at  688  nm  and  all  excitation 
spectra  are  found  to  be  identical  within  error  to 
the  absorption  spectra  (table  1  and  ref.  [30]). 
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Table  1 

Peak  wavelengths  for  free  base  compounds*1 


Compound 

Temp.  (K) 

Absorption 

or  excitation 

BiO.O) 

0*11.0) 

O  y (0,  0) 

0*11,0) 

Q*i0.0) 

0*10.0)’” 

ctio  monomer 

298 

401 

500 

533 

568 

622 

622 

77 

401 

496 

529 

567 

619 

dimers 
n  »  0 

298 

4  16 

505 

539 

570 

625 

627 

77 

414 

504 

542 

570 

626 

n  *  1 

298 

410 

503 

536 

570 

624 

625 

77 

407 

498 

532 

568 

622 

n  *  3 

298 

402 

501 

534 

S68 

624 

624 

77 

4114 

497 

529 

566 

621 

n  ~  4 

298 

402 

501 

5  34 

569 

623 

624 

77 

402 

496 

529 

566 

620 

n  -  5 

298 

402 

501 

534 

569 

623 

624 

77 

402 

496 

529 

566 

620 

n  -  6 

298 

401 

500 

533 

568 

623 

623 

77 

401 

497 

531 

567 

620 

n  -  7 

298 

401 

500 

533 

568 

623 

623 

77 

401 

496 

529 

566 

620 

n  -  8 

298 

401 

500 

533 

569 

622 

623 

77 

401 

496 

529 

567 

619 

298  K.  spectra  m  CH2O2'.  "77  K.  spectra  in  F.PA.  wavelengths  in  nm. 
h'  Fluorescence. 


As  in  the  fluorescence  spectra,  the  maximum 
red  shifts  in  the  excitation  spectra  are  observed 
for  the  n  =  0  dimer.  This  is  particularly  notice¬ 
able  in  the  Q>(1,0)  band  at  500  nm  and  in  the 
Soret  IB)  band  which  was  shifted  from  401  nm 
in  the  monomer  to  4  16  nm  in  the  n  =  0  dimer. 

Liquid  nitrogen  temperature  fluorescence  and 
excitation  spectra  are  closely  similar  to  those 
obtained  at  room  temperature,  except  for  some 
narrowing  and  a  small  blue  shift  of  the  bands 
(table  l.  see  also  fig.  6B1  The  peak  wavelengths 
of  the  Soret  bands  are  not  shifted  significantly 
from  the  monomer  except  for  the  it  =0  and  ri  = 

1  dimers.  For  the  n  =0  dimer,  the  peak  of  the 
Soret  band  is  shifted  to  414  nm  from  401  nm  in 
the  monomer  at  77  K.  The  liquid  nitrogen  tem¬ 
perature  fluorescence  and  excitation  spectra 
show  the  same  trends  found  in  the  room  tem¬ 
perature  spectra:  maximum  deviation  from  the 


monomer  is  observed  for  the  n  =0  dimer  (direct 
link)  and  when  the  separation  of  the  rings  is 
progressively  increased  to  eight  carbon  atoms 
the  spectra  look  more  and  more  similar  to  the 
etioporphvrin  monomer.  (The  n  =  2  dimer  was 
the  least  rolublc  of  all  members  of  the  series 
and  will  not  be  discussed  in  detail  here. 
However,  all  of  our  measurements  indicate  that 
spectral  shifts  from  the  monomer  were  less  for 
the  n  -  2  than  for  >t  =  0  or  n  =  1  dimers.) 

We  had  difficulty  in  determining  accurately 
the  relative  fluorescence  yields  of  the  monomer 
versus  the  dimers.  There  appeared  to  be  a  small 
variable  amount  of  a  nonfluorescing  or  a  very 
weakly  fluorescing  impurity  that  was  difficult  to 
remove  completely  by  column  or  thin-la\er 
chromatography.  The  relative  fluorescence 
yields  along  the  series  changed  upon  each 
purification  step,  but  the  maximum  quenching 


R.  Selensky  el  al.  /  Spectra  of  covalently-linked  porphyrin  dimers 


37 


EXCITATION  WAVELENGTH  (nm) 

Fig  3.  Room  temperature  excitation  spectra  in  CHjCTj  (or  fluorescence  detected  in  the  Qx(0.  Oi  emission  band.  Scattered 
light  was  negligible. 


always  occurred  in  the  n  -  4  dimer.  For  the 
purest  samples  we  obtained,  this  corresponds  to 
a  reduction  in  fluorescence  of  about  30%  for 
the  n  =4  dimer  versus  the  monomer.  Although 
variations  occur  along  the  series,  the  other 
dimers  exhibit  a  reduction  in  fluorescence  com¬ 
pared  to  the  monomer  that  is  less  than  this 
value. 

A  second  estimate  for  the  quenching  of  the 
lowest  excited  singlet  state  of  the  dimers  was 
obtained  by  measuring  the  fluorescence  life¬ 
times.  To  minimize  the  effects  of  impurities, 
excitation  was  in  the  moderatly  strong  Q*(1,0) 


band  at  575  nm  (the  shortest  wavelength  to 
which  the  laser  could  be  tuned),  and  the 
emission  was  detected  3t  625  nm,  the  strong 
Qx(0,  0)  fluorescence  band.  The  fluorescence 
decay  curves  were  consistently  monoexponential 
yielding  a  single  fluorescence  lifetime.  The 
results  of  these  measurements  are  summarized 
in  table  2.  Note  that  each  value  is  the  mean  of 
several  measurements.  The  trend  in  the  fluores¬ 
cence  lifetime  is  in  general  similar  to  that  obser¬ 
ved  in  the  fluorescence  quenching  measure¬ 
ments,  with  a  157o  shortening  in  the  lifetime  for 
the  n  =4  dimer,  and  much  less  for  the  other 
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Table  2 

Fluorescence  lifetimes  In  CHjCIj  at  room  temperature 


Compound 

Lifetime  (nsl 

Reduction  (%) 

ctio  monomer 

10.75  ±0.23 

[0] 

dimers 

n  =  0 

9  89  ±  0. 1 1 

8 

n  =  I 

10  41  ±0  11 

3 

n  ~  3 

9  89  ±0.05 

8 

n  =4 

9  14  ±0  09 

15 

n  =  5 

10  14  ±0  02 

6 

n  =  6 

10  41  ±0  05 

3 

n  =  7 

10.44  ±  0.03 

3 

n  =  8 

10  47  ±0.03 

3 

dimers.  The  difference  between  fhe  15%  reduc¬ 
tion  in  fluorescence  lifetime  and  the  30% 
reduction  in  fluorescence  yieL  we  tend  to 
ascribe  to  impurities. 

These  results  indicate  that  excited  state 
quenching  is  not  very  pronounced  in  the  dimers 
compared  to  the  monomers.  Similar  observa¬ 
tions  were  made  on  several  cofacial  pi- oxo 
bridged  scandium  porphyrin  dimers,  where 
within  experimental  error  no  fluorescence 
quenching  compared  to  the  monomer  was  found 

[31]. 

3.2.  Fluorescence  and  excitation  spectra  of 
diprolonaled  compounds 

Addition  of  a  small  amount  of  trifluoroacetic 
acid  (TFA)  to  a  CH;Clj  solution  of  the  free 
base  etioporphyrin  monomer  results  in  the  pro¬ 
tonation  of  the  remaining  two  nitrogen  atoms  in 
the  center  of  the  porphyrin  macrocycle.  This 
effectively  changes  the  symmetry  of  the 
molecule  from  D;h  to  D4h-  In  the  visible  region, 
the  spectrum  collapses  from  a  four-banded  to  a 
two-banded  spectrum,  as  occurs  when  fhe  free 
base  porphyrin  is  converted  to  a  metal  complex 
[48].  This  effect  is  clearly  seen  in  the  excitation 
spectra  of  the  etioporphyrin  monomer  and 
dimers  in  a  1%  TFA  solution  in  CH;Ch  (fig.  4), 
and  also  in  the  absorption  spectra  [30].  As  in 
the  free  base  case,  red  shifts  from  the  monomer 
are  observed  in  the  diprotonated  dimer  excita¬ 
tion  spectra  (fig.  4)  and  fluorescence  spectra 
(fig.  5).  In  the  excitation  spectra,  the  Q(1,0) 


absorption  band  is  red-shifted  8  nm  in  going 
from  the  monomer  to  the  n  =  0  dimer.  The 
0(0,0)  band  is  red  shifted  by  12  nm  both  in 
absorption  and  in  fluorescence.  These  spectral 
shifts  are  roughly  twice  as  large  as  those 
described  for  the  free  base  n  =  0  dimer  (no  TFA 
added).  The  vibrational  structure  in  the  fluores¬ 
cence  spectrum  of  the  diprotonated  n  =  0  dimer 
is  also  different  from  the  monomer  and  the 
other  dimers  shown  in  fig.  5,  having  an 
anomalous  reduction  in  the  intensity  of  the 
0(0,  1)  band  relative  to  0(0,0).  However,  for 
the  dimers  other  than  it  ~  0  and  n  =  1  only 
minimal  spectral  shifts  from  the  monomer  are 
observed  (table  3). 

The  most  dramatic  elfect  in  the  spectra  of  the 
diprotonated  series  is  the  split  Soret  band 
observed  in  the  ti  -  0-3  dimers  [30],  In  the  n  = 

0  dimer  these  occur  at  409  and  425  nm  (fig.  4). 

3.3.  Fluorescence  excitation  polarization  of  free 
base  compounds 

Fluorescence  polarization  spectra  can  be  use¬ 
ful  for  measuring  the  angle  of  the  emission 
oscillator  with  respect  to  the  excitation  oscillator 
and  in  determining  the  importance  of  energy 
transfer  between  rings  in  a  dimer.  Such  spectra 
permitted  resolution  of  the  two  exciton  com-  i 
ponents  in  the  Soret  region  of  several  p-oxo 
Sc-porphyrin  dimers  [31]. 

Therefore,  we  measured  the  polarization  ratio 
for  excitation  in  the  Soret  and  visible  bands  of 
the  free  base  monomer  and  dimers  with  fluores¬ 
cence  detected  in  the  Q(0,  0)  band  at  625  nm. 
These  spectra  were  taken  in  EPA  glasses  at 
77  K.  The  results  for  the  monomer  and  n  =0 
and  n  =  1  dimers  are  shown  in  fig.  6A,  and  for 
the  n  -  3  and  n  =  7  dimers  in  fig.  7A.  Maxima 
and  minima  in  these  spectra  should  be  com¬ 
pared  with  the  peak  wavelengths  in  the  77  K 
excitation  spectra  shown  in  figs.  6B  and  7B  and 
listed  in  table  1. 

All  spectra  of  figs.  6  A  and  7  A  exhibit  a  low 
positive  polarization  ratio  at  the  peak  of  the 
Soret  BIO,  0)  band  near  400  nm.  In  the 
monomer  spectrum  the  polarization  ratio 
increases  to  a  value  of  0.3  at  435  nm  on  the 
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Fig.  4.  Room  temperature  excitation  spectra  in  CH2CIJ  +  1  drop  TFA.  the  fluorescence  detected  in  the  0(0,  0)  emission  band. 
TFA  causes  diprotonation  of  the  remaining  two  nitrogen  atoms  in  the  center  of  the  porphyrin  rings.  Peak  wavelengths  for  all 
diprotonated  compounds  are  listed  in  table  3. 


long  wavelength  side  of  the  Soret  and  then 
decreases  to  0.1  at  475  nra,  the  trough  between 
the  BIO,  0)  and  Qy(l,0)  bands.  The  monomer 
spectrum  progresses  to  a  large  positive  polariza¬ 
tion  ratio  of  0.33  on  the  long  wavelength  side 
of  the  Qy (1,0)  band  and  then  dips  to  a  negative 


value  of  -0.18  near  the  maximum  of  the 
O y  (0,  0)  band.  The  polarization  ratio 
approaches  a  positive  value  of  0.4  or  greater  in 
the  Qx(0,  0)  band  from  which  the  fluorescence 
is  monitored,  broken  by  a  series  of  small  posi¬ 
tive  changes  through  the  Qx(l,  0)  region. 
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FLUORESCENCE  WAVELENGTH  (nm) 

Fig  5.  Room  temperature  fluorescence  spectra  for  dipro- 
tonated  compounds  excised  in  the  0(1,0)  absorption  band. 


The  polarization  spectra  of  the  n  =  3  and  rt  = 
7  dimers  Hip.  7)  are  similar  to  the  etioporphyrin 
monomer  except  for  a  general  "collapse''  of  the 
polarization  ratios.  Polarization  spectra  for  the 
n  =4-6  dimers  lie  between  the  spectrum  of  the 
n  =  3  dimer  and  that  of  the  n  =  7  and  n  -  8 
dimers,  whose  spectra  are  essentially  the 
same. 

The  situation  is  somewhat  dilferent  for  the 
n  =  0  and  n  =  1  dimers.  In  the  case  of  the  n  -  0 


Table  3 

Peak  wavelengths  for  diprotonated  compounds* 


Compound  Absorption  or  excitation  Fluorescence 


B(0, 0) 

Otl.O) 

0(0,  01 

0(0.0) 

etio  monomer 

401 

547 

594 

596 

dimers 

n  =  0 

409 

425"’ 

555 

606 

608 

n  -  l 

402 

422"'' 

553 

600 

601 

«=3 

402 

41 1"1' 

549 

596 

WH 

n  =4 

401 

547 

596 

596 

3 

u 

LA 

402 

548 

596 

597 

n  =*  6 

402 

548 

596 

596 

n  =  7 

402 

548 

596 

596 

n  =  8 

402 

549 

595 

596 

*'  298  K  spectra  in  CHjClj  +  1%  tnfluoroacetic  acid  OTA), 
wavelengths  in  nm 
Doublet 

cl  Definite  shoulder  near  395  nm  not  piesent  in  monomer, 
see  also  fig.  2  of  ref.  [30], 


dimer  shown  in  fig.  6,  the  polarization  ratio  on 
the  long  wavelength  side  of  the  Soret  band 
reaches  the  same  positive  value  of  0.3  as  for  the 
monomer,  but  at  a  wavelength  15  nm  to  ihc 
red.  at  450  nm.  The  peak  of  the  BtO,  01  absorp¬ 
tion  band  is  shifted  to  longer  wavelengths  by 
about  the  same  amount  (fig.  6B  and  table  1). 
The  polarization  ratio  remains  more  positive 
across  the  remainder  of  the  spectrum  with  some 
minor  maxima  and  minima  occurring  near  the 
peaks  of  the  visible  bands.  However,  the 
polarization  ratio  is  almost  zero  in  the  region  of 
the  B(  l ,  0)  band  near  370  nm,  being  low er  than 
that  observed  for  the  other  members  of  the 
scries. 

The  polarization  spectrum  of  the  n  -  l  dimer 
(fig.  6A)  is  more  similar  to  the  spectra  of  the 
n  =  3  and  n  =  7  dimers  than  it  is  to  that  of  the 
n  =0  dimer;  there  is  a  general  collapse  of  the 
polarization  ratios  across  the  spectrum  from 
those  observed  in  the  monomer.  However,  the 
polarization  maximum  on  the  long  wavelength 


Fig  ft.  iAI  I  ow  temperature  fluorescence  excitation 
polarization  spectra  in  MPA  glasses  with  emission  detected 
in  the  0*10,01  hand  I~ft20nml.  dll  l.ow  temperature  exci¬ 
tation  spectra  in  EPA  glass  detected  in  the  Qv(0.0)  fluores¬ 
cence  hand  Data  for  monomer  and  dimers  n  -0,  1.  (Scat¬ 
tered  light  prevented  study  of  the  Q*(0,  0)  band  in  the  exci¬ 
tation  spectra] 


side  of  the  Soret  hand  in  the  n  =  1  dimer  is 
slightly  red  shifted  from  the  corresponding  peak 
in  the  monomer  spectrum,  but  to  a  lesser 
degree  than  observed  in  the  case  of  the  n  =0 
dimer  (fig.  6A).  This  probably  reflects  the  red 
shift  of  the  Soret  band  maxima  in  the  excitation 
spectra  of  the  n  =  0  and  n  =  1  dimers,  as  seen  in 
fig.  6B.  These  results  suggest  that  ring  interac¬ 
tions  are  significantly  less  in  the  n  =  1  dimer 
than  in  the  n  =0  dimer. 

The  fluorescence  polarization  spectra  of 
fig.  6A  are  in  agreement  with  our  other  spectral 
observations  that  maximum  deviation  from  the 
monomer  occurs  in  the  n  =  0  and  n  =  1  dimers. 
This  clearly  suggests  that  maximum  ring  interac¬ 
tion  occurs  in  these  members  of  the  series. 

More  detailed  interpretations  of  the  polarization 
data  are  given  in  section  4. 


WAVELENGTH  (nm) 

Fig  7  (At  low  temperature  fluorescence  excitation 
polarization  spectra  in  EPA  glasses  with  emission  detected 
in  Ox  id,  0)  hand  (  =  ft2d  nm).  Ill)  Low  temperature  excita¬ 
tion  spectra  in  EPA  glass  detected  in  0*10,  (I)  fluorescence 
band.  Data  for  monomer  and  dimers  n  =  3,  7. 


4.  Discussion 

4.1.  Theory 

A  general  theory  for  exciton  interactions  in 
porphyrin  dimers  was  presented  previously  and 
used  to  discuss  spectral  observations  on  several 
gt-oxo  scandium  porphyrin  dimers  [31],  The 
interaction  between  two  transition  dipoles  p.A 
and  (in  on  moieties  A  and  B  separated  by  a  dist¬ 
ance,  R,  can  be  expressed  as  follows 
[15,  17,  19,31]: 

V  =  [Ha  '  Ho  ~  3( HzA  '  ^ab)(M-a  ‘  /?ab)]/ R  , 

(la) 

V  =  Fe2M2/R\  (lb) 

Here  R ab  is  the  unit  vector  from  the  center  of 
porphyrin  A  to  the  center  of  porphyrin  B.  The 
dipoles  have  magnitude  | 1  =  <» A f,  where  M  is 
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the  transition  moment  and  e  is  the  electronic 
charge.  (We  assume  both  moieties  are  identical 
in  setting  |/iA]  -  Imh1  )  All  of  the  geometrical  fac¬ 
tors  have  been  lumped  into  the  factor  F  in  eq. 
(lb).  Thus,  the  exciton  interaction  is  propor¬ 
tional  to  the  square  of  the  monomer  transition 
moment  A/.  It  should  be  noted  that  cq.  ( 1 )  is 
based  on  the  dipole  dipole  approximation  which 
may  fail  at  ,ety  small  R 

The  cllect  of  this  dipolar  coupling  is  to  pro¬ 
duce  symmetric  and  antisymmetric  combinations 
of  the  individual  monomci  excited  states.  (i/<A± 
<//„)/v  2.  The  detailed  geometry  of  the  dimer 
will  determine  the  magnitude  anil  direction  of 
the  transition  dipoles  [|*A  +  p.„]/v' 2  as  well  as 
the  energy  splitting  between  the  states,  2V.  The 
intensities  of  the  absorption  bands  correspond¬ 
ing  to  the  two  transitions  can  be  expressed  as: 

/*  =  A/J[l  ±f((3)]/2,  (2) 

where  f\@)  is  a  function  of  the  relative  orienta¬ 
tions  of  the  interacting  dipoles.  For  coplanar 
interacting  dipoles  tilted  from  one  another  by 
an  angle  2 f),  fifi)  =  cos  |2tf). 

Cofacial  porphyrin  dimers:  The  simple  exciton 
theory  just  presented  is  more  complicated  in 
porphyrins  because  with  square  symmetry  the 
( it,  7T*1  allowed  excited  states  are  doubly 
degenerate.  Thus  dimer  formation  leads  to  a 
four-fold  degeneracy  in  zeroth  order.  This  prob¬ 
lem  was  considered  for  the  m-oxo  bridged  scan¬ 
dium  porphyrin  dimer  [31].  It  was  shown  that 
for  geometries  where  the  porphyrin  units  are 
close  to  face-to-face  (cofacial),  the  interaction 
among  the  four-fold  degenerate  states  factors 
into  two  pairs  of  interacting  states.  The  resulting 
exciton  staters  are  then  (,YA  ±  AT,,)/ -Jl  and 
( yA  ±  yB)/V2,  with  I x  and  I \  strongly 
allowed  and  I.v  and  Iy  weak  or  forbidden.  If  the 
dimer  lacks  full  square  symmetry  the  ,Y  and  Y 
polarized  states  will  have  somewhat  different 
energies  and  intensities.  Furthermore,  since  the 
exciton  interaction  depends  on  the  square  of  the 
transition  moment  M  [eq.  (1)],  generally  only 
the  strong  Soret  (B)  band  is  affected  by  exciton 
interaction  in  porphyrin  dimers.  For  the  weak 
visible  (Q)  bands,  the  result  of  ring  interaction 
is  smaller  than  other  effects  such  as 


inhomogeneous  solvent  broadening.  Thus,  for 
[Sc(0EP)]20  the  peak  of  the  Soret  band  is  blue 
shifted  by  11  nm  (strong  symmetric  component) 
with  a  red  tail  out  to  480  nm  (weak  antisym¬ 
metric  component),  while  the  Q  bands  arc  only 
slightly  red  shifted  and  broadened  [31],  Similar 
spectral  features  have  been  observed  for  other 
cofacial  porphyrin  dimers  [37-39], 

4.2.  Edge-on  porphyrin  doners  ( Soret  hands ) 

The  relative  geometry  of  the  two  porphyrin 
rings  for  the  dimers  studied  here  is  not  con¬ 
strained  as  in  the  gi-oxn  dimers  [31],  Probably 
the  only  constraint  is  that  for  the  shorter  dimers 
(n*s4)  a  cofacial  geometry  is  impossible.  Since 
the  largest  deviations  from  the  monomer  occur 
in  the  n  =  0  dimer  and  since  it  has  the  most 
constrained  geometry,  we  shall  treat  that  case 
first  and  then  go  on  to  the  others  in  the  series. 

At  the  top  of  fig.  8  we  present  the  Soret 
bands  observed  in  the  room  temperature  excita¬ 
tion  spectra  of  the  monomer,  the  free  base  (H2) 
n  =  0  dimer,  and  the  diprotonated  (H4)  n  =0 
dimers.  Fig.  8  also  shows  three  idealized 
geometries  for  the  n  =  0  dimer.  These  are  based 
on  structures  assumed  by  LaPine  space  filling 
models.  For  cases  1  and  3  the  models  show  that 
the  two  rings  are  not  strictly  coplanar  with  the 
y  and  X,  X’  axes  strictly  parallel  as  ideal¬ 
ized  in  fig.  8.  For  case  2  the  models  show  that 
the  rings  are  not  quite  aligned  with  axes  Y  and 
y'  mutually  perpendicular  with  both  perpen¬ 
dicular  to  X  parallel  to  A".  However,  with  the 
idealized  geometries  of  fig.  8  the  exciton  coup¬ 
ling  factors  into  interactions  between  X,  X’  and 
y,  y  pairs  except  for  case  2,  where  Y  and  Y" 
are  non-interacting.  Thus  these  structures  are  a 
useful  starting  point  for  our  discussion. 

For  the  free  base  case  the  exciton  coupling  of 
the  Soret  states  is  extremely  complicated  as  the 
states  B,  and  Bv  defined  with  regard  to  the  pro¬ 
ton  axes  are  not  degenerate  [48-50],  Further¬ 
more,  there  is  no  reason  to  believe  that  the  pro¬ 
ton  axes  arc  oriented  with  regard  to  the  ring¬ 
ring  link.  Thus  there  are  several  tautomeric 
structures  each  with  different  exciton  coupling 
among  the  four  monomer  Soret  states.  It  is  then 
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Fig.  8  Geometries  and  corresponding  stick  absorption 
spectra  calculated  for  the  diprotonated  cation  from  exciton 
theory  for  the  idealized  geometries  shown  on  the  left.  Cases 
1  and  3  have  the  rings  coplanar;  for  case  2  the  right  hand 
ring  is  perpendicular  to  the  page.  The  stick  spectra  do  not 
include  any  '‘solvent  shift"  term.  See  text.  The  observed 
room  temperature  excitation  spectra  of  the  monomer  and  of 
the  free  base  (IIO  and  diprotonated  <H4)  n  =  0  dimers  are 
presented  at  the  top. 


not  surprising  that  the  n  =  0  free  base  dimer 
Soret  band  looks  much  like  that  of  the 
monomer  with  an  extra  skewed  broadness  (figs. 

3  and  8).  That  the  dimer  peak  shows  a  red  shift 
of  15  nm  (table  I)  from  the  monomer  is  attribu¬ 
table  to  the  “solvent  effect"  of  the  dimer 
environment;  i.e.,  the  D  term  in  eq.  (23)  of 
ref.  [31]. 

The  diprotonated  n  =  0  dimer  is  easier  to 
treat  than  the  free  base  dimer  since  the  X  and 
Y  directions  are  equivalent  in  each  ring.  Hence 
we  can  choose  these  directions  as  defined  by  the 
dimer  structure,  as  was  done  for  the  /u-oxo 
dimer  [31]  and  as  shown  in  fig.  8.  The  stick 
spectra  show  the  pattern  of  absorption  intensity 
calculated  by  eqs.  (1)  and  (2),  neglecting  any 
“solvent  shift  term"  from  the  monomer  peak  at 
401  nm.  All  three  cases  show  a  split  Soret  band 
with  the  two  bands  having  equal  intensity. 

Using  the  space  filling  models  we  estimate 
R*. 8  =  9  A  for  cases  l  and  2  and  RA n=  10  A 
for  case  3.  The  result  is  a  calculated  splitting 
between  allowed  Soret  bands  of  20,  13,  and 


14  nm  for  cases  1, 2,  and  3,  respectively.  The 
observed  peaks  at  409  and  425  nm  (table  3)  are 
most  consistent  with  case  3  if  the  exciton  coup¬ 
ling  is  calculated  with  respect  to  the  shifted  free 
base  dimer  at  416  nm.  Case  2  would  also  fit  the 
data  if  a  somewhat  smaller  solvent  shift  than  the 
free  base  is  assumed.  However,  the  exciton 
splitting  calculated  for  case  1  is  too  large. 

The  diprotonated  dimers  n  =  1  and  n  =  3  con¬ 
tinue  to  show  Soret  splitting.  In  addition, 
spectra  for  the  diprotonated  n  =  1  and  n  =  3 
dimers  show  a  definite  shoulder  of  reasonable 
intensity  near  395  nm  not  present  in  the 
monomer  nor  in  dimers  with  n  >3.  The  splitting 
of  the  Soret  bands  for  the  n  =0,  1,  and  3  dimers 
is  920.  1 180,  and  545  cm1,  respectively. 
Molecular  models  suggest  that  the  n  =  1  dimer 
is  more  constrained  than  the  n  =0  dimer,  and 
the  observed  exciton  splitting  suggests  that  RAB 
is  shorter.  The  models  suggest  that  a  distorted 
geometry  resembling  case  2  is  the  most  likely 
for  n  =  1  dimers.  For  n  =  3  dimers,  molecular 
models  allow  case  3  with  RAB  =  12  A.  This  leads 
to  a  calculated  exciton  splitting  of  520  cnT ', 
which  is  quite  consistent  with  the  data.  For  n  = 

4  dimers,  molecular  models  allow  case  3  with 
RA n  =  14  A,  and  the  exciton  calculation  gives  a 
Soret  splitting  of  309  cm  At  this  size  the 
splitting  is  comparable  to  the  monomer 
linewidth,  and  so  the  Soret  band  becomes  single 
again.  It  would  seem  from  the  data  that  the  sol¬ 
vent  shift  term  also  declines  quickly  as  RAB  gets 
large,  so  that  the  optical  spectra  look  like 
independent  units  in  the  Soret  band  for  n  >4. 

4.3.  Edge-on  porphyrin  dimers  (visible  bands) 

The  exciton  splitting  in  the  visible  bands  is 
substantially  less  than  in  the  Soret  bands 
because  A/2  is  substantially  lower.  It  should  be 
noted  that  A/2  for  the  strongest  band.  0,(1, 0), 
is  divided  among  several  vibronic  bands  so  that 
a  weak  coupling  case  is  expected  [22]  The  Af2 
values  for  Qv(0,  0)  and  0,(0,  0)  are,  respec¬ 
tively,  about  20  and  80  times  smaller  th3n  for 
the  B  band  [48].  Thus  exciton  splittings  of 
60  cm'1  or  less  are  expected  even  in  the  largest 
case  [Qy(0.  0)  for  case  1  of  n  =  0].  The  main 
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observed  e licet  of  dimer  formation  is  the  sol¬ 
vent  shift  term  apparent  for  the  n  =0,  1,  and  3 
dimers.  For  the  diprotonated  dimers  the  visible 
solvent  shift  is  roughly  half  that  of  the  Soret 
band.  For  the  free  base  dimers  the  solvent  shift 
of  the  Q,  bands  is  about  one-third,  and  that  of 
the  Q,  bands  about  one-fifth  that  of  the  Soret 
bands.  Qualitatively  it  would  appear  that  the 
solvent  shift  follows  the  size  of  the  exciton 
coupling.  A  theory  of  the  solvent  shift  term  is, 
however,  not  yet  developed. 

4.4.  Fluorescence  spectra  ami  quantum  yields 

We  observe  in  these  dimers  essentially  the 
same  amount  of  fluorescence  as  in  the 
monomer;  i.e.,  there  is  no  extra  quenching.  The 
fact  that  the  lowest  energy  visible  exciton  states 
are  allowed  with  edge-on  geometries  may  play  a 
role  here.  This  is  to  be  contrasted  with  the  case 
of  cofacial  dimers  where  the  lower  energy 
exciton  state  is  forbidden,  so  that  a  decrease  in 
fluorescence  yield  is  expected  especially  at  lower 
temperatures.  The  question  of  fluorescence 
quenching  in  the  dimer  is  an  interesting  one; 
quenching  is  sometimes  observed  [38,  39]  and 
sometimes  is  not  [31. 38],  even  though  the 
apparent  exciton  splittings  are  about  the  same. 

Another  interesting  effect  is  the  anomalous 
vibrational  structure  of  the  fluorescence  spec¬ 
trum  of  the  diprotonated  n  -  0  dimer  (fig.  5). 
The  underlying  structure  centered  near  620  nm 
is  absent  and  the  intensity  of  the  Q(0,  1) 
emission  band  is  about  half  that  observed  in  the 
other  molecules.  The  effect  docs  not  occur  in 
the  diprotonated  n  =  1  dimer  nor  in  the  fluores¬ 
cence  spectrum  of  any  of  the  free  base  com¬ 
plexes.  The  reason  for  this  effect  is  unclear  at 
present. 

4.5.  Fluorescence  polarization  spectra 

Theoretical  groundwork  for  discussing  por¬ 
phyrin  fluorescence  excitation  polarization 
spectra  has  been  given  previously  [49,  50],  The 
lowest  energy  porphyrin  visible  absorption 
band,  and  thus  the  emission  arising  from  this 
state,  is  expected  to  be  polarized  parallel  the 


proton  axis,  which  is  called  the  ,V  axis  [48-50], 
To  obtain  the  polarized  excitation  spectra,  we 
monitored  the  Q.vtO,  0)  emission  at  619  nm  in 
low  temperature  f’PA  glass  (tig.  6).  A  polariz¬ 
ation  ratio  approaching  -t-0.4  or  greater  is 
observed  in  the  monomer  as  the  excitation  is 
scanned  into  the  Q.v(0, 0)  absorption  band. 
Scattered  light  prevented  us  from  determining 
the  maximum  polarization  ratio  in  this  region 
and  from  resolving  the  low  temperature 
Qx(0.  0)  absorption  band  (fig.  6B).  As  expected 
[49).  the  monomei  polari/aiion  spectrum  renehc 
its  most  negative  value  near  the  peak  of  the 
Qv(0,  0)  absorption  band.  The  QV(1,0)  absorp¬ 
tion  band  centered  at  496  nm  is  predominantly 
X  polarized,  judging  from  the  +0.33  polariz¬ 
ation  ratio  observed  at  this  wavelength,  and  the 
Ox  (1,0)  is  predominantly  Y  polarized,  judging 
from  the  polarization  ratio  below  0.14  (fig.  6A). 
Perrin  et  al.  [51]  considered  vibronic  borrowing 
in  porphyrins  using  a  cyclic  polyene  model. 

They  noted:  “Since  there  are  two  vibronically 
active  b]„  modes  and  only  one  a*  mode,  it  fol¬ 
lows  that  there  should  be  more  V'  than  X 
polarization  in  Q  v  (1,0).. ."  Similarly,  there 
should  be  more  A'  than  Y  polarization  in 
Q,  (1,0),  particularly  since  the  lower  energy 
Soret  band,  from  which  it  borrows  intensity,  is 
X  polarized.  The  ,V  polarization  of  the  lower 
energy  Soret  band  is  expected  theoretically  [50] 
and  is  evidenced  experimentally  in  the  +0.3 
polarization  ratio  observed  near  425  nm  in  the 
monomer  (fig.  6A).  A  dip  in  the  polarization 
spectrum  at  the  peak  of  the  monomer  Soret 
band  at  401  nm  indicates  significant  Y  polariz¬ 
ation  in  this  region. 

The  n  =  1-8  dimer  polarization  spectra,  when 
compared  to  that  of  the  monomer  (tigs.  6A  and 
7A)  Suggest  a  general  collapse  to  a  value  of  pt,< 
0.15.  In  an  attempt  to  quantify  this  collapse,  we 
related  the  dimer  polarization  spectrum  p„(A)  to 
the  monomer  polarization  spectrum  pm( A)  by 
the  equation 

)  =  f„pm(K )  +  ( 1  -  )pv„.  (3) 

In  eq.  (3)  we  assume  that  a  fraction  /„  of  the 
light  comes  out  polarized  as  in  the  monomer, 
and  a  fraction  (1  - f„)  comes  out  with  constant 
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polarization  A  least-squares  fit  was  carried 
out  using  26  wavelengths  taken  at  10  nm  inter¬ 
vals  from  350  to  600  nm.  The  result  of  these  fits 
is  given  in  table  4.  As  can  be  seen  by  the  mag¬ 
nitude  of  the  standard  error,  the  poorest  fit  is 
for  the  n  =0  dimer;  the  fits  are  otherwise  fairly 
good.  The  data  may  then  be  interpreted  as  fol¬ 
lows,  using  the  n  =  7  dimer  as  an  example:  33% 
of  the  photons  arc  emitted  as  in  the  monomer, 
while  the  remainder  come  out  with  an  average 
angle  n  between  absorption  and  emission  such 
that  [49] 

p«7  =  (3(cos‘  <»)  -  l)/l(eos2  n>  +  3)  -  0.057.  (4) 

giving  (cos2  o)  =  0.40,  the  average  cosine 
between  absorption  and  emission  dipoles.  If  the 
excitation  hopped  between  monomer  units 
oriented  as  in  case  3  ifig.  8)  and  the  proton  axes 
were  randomly  distributed  in  each  moiety,  the 
hopped  excitons  would  be  randomly  emitting  in 
a  plane,  giving  (cos2  n>  =  1  and  p,,  =  0.143.  The 
same  assumption  assuming  random  emission 
from  the  dipoles  oriented  as  in  case  2  (fig.  8) 
gives  (cos2  a)-',  and  po  =  -0.077.  Thus  for 
dimers  n  =  1-8  we  can  interpret  the  polarization 
spectra  as  indicating  that  between  :  and  2  of  the 
absorbed  photons  arc  hopping  between  units 
that  arc  oriented  somewhere  between  cases  2 
and  3 

The  n  =  0  polarization  data  is  less  structured 
than  the  monomer  and  is  relatively  more 
different  from  the  monomer  than  the  polariz¬ 
ation  data  for  the  n  =  1-8  dimers.  Qualitatively 
this  is  consistent  with  greater  interaction 


Table  4 

Least-squares  fit  of  polarization  data  " 


Dimer  (n) 

/ 

ll  -f)Prm 

Pn* 

0 

0  379  ±0.1 50 

0  1 1 7  ±  0.028 

0  188 

1 

0.390  ±0078 

0.056  ±  0.015 

0.092 

3 

0  527±0.041 

0  004  ±0008 

0.008 

4 

0  333  ±0  044 

0069  ±0  008 

0.103 

5 

0.487  ±0  049 

0  043  ±0.009 

0  084 

6 

0  485  ±  0  092 

0  079±0  017 

0  153 

7 

0  329  ±0  039 

0038  ±0.007 

0  057 

8 

0.478  ±0  063 

0  064  ±0.0 11 

0.123 

*’  See  eq.  (3).  The  standard  error  is  indicated. 


between  the  monomer  moieties.  The  n  =  0 
polarization  data  tends  to  center  around  p  = 
0.14,  a  value  more  consistent  with  the  coplanar 
dimers  of  case  3  than  with  the  perpendicular 
dimers  of  case  2.  It  would  be  helpful  to  have 
fluorescence  polarization  spectra  of  the  n  =0 
and  n  =  1  diprotonated  dimers  because  of  the 
splittings  observed  (fig.  4),  but  we  could  not 
obtain  good  low  temperature  glasses  due  to  the 
added  TFA.  We  tried  to  take  spectra  in  gly¬ 
cerol,  since  rotational  depolarization  is  minimal 
in  this  solvent  even  at  room  temperature,  but 
broad  absorption  spectra  were  obtained  in  this 
case. 


5.  Conclusions 

We  have  studied  the  electronic  spectra  of  a 
series  of  etioporphyrin  dimers  bridged  by  a 
single  hydrocarbon  chain  of  variable  length.  The 
experimental  results  show  (i)  very  little  quench¬ 
ing  of  fluorescence;  (iii  a  red  shift  of  the  spectra 
that,  for  a  given  band,  decreases  with  increased 
length  of  the  bridge  and,  for  a  given  dimer, 
decreases  with  decreased  absorption  strength  of 
the  band  (i.c.  Hd),  (I )*■  Q,  (0.  <>(  >  Q,  (0,  0|];  (nil 
a  splitting  of  the  Soret  band  in  the  case  of  the 
diprotonated  species,  which  can  be  explained  by 
an  exciton  coupling  model  assuming  a  reason¬ 
able  geometry  for  the  rings;  (iv)  a  substantial 
change  in  the  fluorescence  excitation  polariz¬ 
ation  spectra  of  the  various  dimers  from  that  of 
the  monomer.  The  fluorescence  polarization 
data  for  the  n  =  0  free  base  dimer  show  sub¬ 
stantial  interaction  between  the  rings.  For  the 
chains  with  n  ~sr  1  the  data  can  be  qualitatively 
explained  by  assuming  1  to  j  of  the  excitation 
stays  localized  in  each  moiety,  while  the  remain¬ 
ing  excitation  hops  between  the  covalently 
linked  moieties. 

We  are  planning  to  extend  these  studies  to 
doubly-linked  and  mixed-metal  porphyrin 
dimers,  specifically  designed  to  have  large  exci- 
tion  splittings.  We  hope  to  study  increasingly 
complex  systems  that  more  closely  resemble 
those  known  to  be  so  important  in  photosyn¬ 
thesis  and  in  other  biological  processes. 
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